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-  iv  - 
PREFACE 

This  booklet  serves  dual  purposes:  (1)  provides  a  status  report  on  the  Air 
Pores' s  basic  research  program  on  both  chemical  and  nonconvent ional  rocket 
propulsion  and  (2)  is  the  program  for  the  contractors'  meeting  on  rocket 

research. 

Host  of  the  abstracts  follow  a  specific  format.  The  text  begins  with  a  short 
statement  of  relevant  scientific  questions  addressed  by  the  research,  followed 
by  an  explanation  of  the  scientific  approach.  A  statement  of  the  uniqueness  of 
each  approach  was  solicited  from  the  investigators.  The  major  portion  of  the 
text  describes  the  results  obtained  during  the  last  twelve  months.  The 
abstracts  should  describe  two  figures:  Figure  1  illustrates  the  main  (or  a 
representative)  feature  of  the  scientific  approach  and  Figure  2  presents  a 
primary  accomplishment. 

Hard  copies  of  the  vugraph  material  and  collateral  information  are  in  file 
folders  (one  for  each  presentation)  on  a  table  at  the  rear  of  the  meeting  room. 

Since  the  research  on  metal  combustion  and  structural  mechanics  have  had 
adequate  national  forums  in  recent  months,  that  research  will  be  presented  in 
the  March  1986  Rocket  Research  Meeting.  The  abstracts  on  metal  combustion 
research  are  included  in  this  booklet. 


The  research  on  advanced  diagnostics  of  reacting  flow  is  the  subject  of  a 
separate  meeting  which  is  held  every  other  year.  The  next  meeting  is  scheduled 
for  Spring  1986.  The  abstracts  on  that  research  are  included  In  a  speoial 
section  of  this  booklet. 


A  primary  objective  of  the  meeting  and  this  booklet  is  to  encourage  the 
participants  to  interpret  the  technological  barriers  and  to  consider  new 
researoh  approaches.  Since  a  25  to  30  peroent  annual  turn-over  is  built  into-' 
the  program,  each  year  opportunities  exist  for  new  research  approaches  and  for 
new  principal  investigators.  Several  of  the  presentations  provide  introductions 
to  some  of  the  barriers  and  technological  challenges.  Prospective  principal 
investigators  should  not  feel  constrained  by  these  presentations  and  are 
encouraged  to  look  beyond  the  identified  items.  The  location  of  the  meeting 
(l.e«,  near  organizations  interested  in  the  research)  promotes  interchanges 
among  the  investigators  and  those  responsible  for  A  It  Force  programs. 
Accordingly,  many  of  the  participants  will  be  able  to  provide,  speoific 
information  on  Air  Poroe  requirements.  Questions  concerning  the  meeting  can  be 
directed  to  either: 


Leonard  H.  Caveny  or 

AF03R/HA 

Bolling  AFB 

Washington,  DC  20332-6448 
Phn:  (202)  767-4937 
Autovon:  297-4937 


Wayne  B.  Roe 
AFRPL/XRX 

Edwards  AFB,  CA  93534 
Phn:  (805)  277-5206 
Autovon:  350-5206 


1985  AFOSR/AFRPL  ROCKET  RESEARCH  MEETING 

Antelope  Valley  Inn  Lancaster,  CA  93534 

MONDAY  (AH) 

18  March  1985 


0730  Registration 

Session  Chairaan:  Anthony  Matuszko,  AFOSR/NC 
Topic:  Mew  Syntheses  and  Synthetic  Methods 


TIME  NUM. 


0800 

0830 

0900 

0930 

0945 

1015 

1045 

1115 

1145 
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ELECTROLYTIC  PREPARATION  OF  NOVEL  AZIDODINITRO  COMPOUNDS.  Milton  B. 
Frankel  and  Janes  F.  Weber,  Rocketdyne  Division,  Rockwell 
International,  Canoga  Park,  CA 

SYNTHESIS  OF  DIFLUOROAMINOXY-,  DIFLUORO AMINO-,  OR  FLUORODIAZONIUM 
CONTAINING  MATERIALS.  Jean'ne  M.  Shreeve,  University  of  Idaho, 

Moscow,  ID 

SYNTHESIS  OF  NEW  POLYMITROPOLYHEDRANES.  Alan  P.  Marchand,  Suresh  C. 
Suri,  and  D.  Slvakunar  Reddy,  North  Texas  State  University,  Denton,  TX 

SYNTHESIS  OF  HIGH  NITROGEN  CONTENT  HETEROCYCLIC  NITR AMINES  AND 
ENERGETIC  MATERIAL  PLASTICIZERS.  Rodney  L.  Wilier  and  Jaaras  A. 
Hartwell,  Morton-Thiokol  Inc.,  Elkton,  MD  (New  Start) 

Break 

SYNTHESIS  AND  REACTIVITY  OF  UNSATURATED  METAL  NITROGEN  COMPLEXES. 
Wllllan  C.  Trogler,  Joseph  H.  Osborne,  and  Mary  Maclejewski, 

University  of  California  at  San  Diego,  La  Jolla,  CA 

SYNTHESIS  AND  CHEMISTRY  OF  POLYNITROALKAMES  AND  POLYNITROOLEFINS. 
Clifford  D.  Bedford  and  Robert  J.  Sohaltt,  SRI  International,  Menlo 
Park,  a 

NEW  SYNTHETIC  TECHNIQUES  FOR  ADVANCED  PROPELLANT  INGREDIENTS; 

SELECTIVE  TRANSFORMATIONS  AND  NEW  STRUCTURE.  Robert  D.  Chapa an,  Scott 
A.  Sohaokelford,  and  John  L.  Andreshak,  AFRPL 

Lunch  (Reconvene  at  1300) 
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MONDAY  (PM) 
18  March  1985 


Session  Chairman:  Prank  Roberto,  1FRPL/MKP 

Topic:  Mew  Syntheses  and  Synthetic  Methods  (continued) 

TINE  MIX. 

1300  8  PLOOROPOLYAZIDOBSTERS  AS  ENERGETIC  POLI>«RS.  Robert  M.  Moriarty, 

University  of  Illinois  at  Chicago,  Chicago,  IL  (New  Start) 

1315  9  NEW  ENERGETIC  POLYMERS  AS  BINDERS  POR  PROPELLANTS.  Moetafa  A.  H. 

Talukder  and  Stanley  D.  Morse,  University  of  Dayton  Research 
Institute,  Dayton,  OH 

1 345  10  ENERGETIC  FLUOROCARBONS.  Carl  J.  Schack  and  Karl  0.  Christa, 

Rooketdyne,  Canoga  Park,  CA  (New  Start) 

Topic:  Reaction  Mechanisms  and  Decomposition 

TIMS  MUM.  _ 

1*15  -  INVITED:  ENERGETIC  MATERIALS  SYNTHESIS  RESEARCH  SPONSORED  BY  OMR. 

Richard  S.  Miller,  Offloe  of  Naval  Research,  Arlington,  VA 

1**5  11  CONTROL  OP  THE  URETHANE  CURE  REACTION  WITH  SOLID,  BLOCKED  ISOCYANATES. 

William  H.  Graham,  J.  B.  Canterbury,  Inella  G.  Shepard,  Jarrell  M. 
Blanks.  Morton  Thiokol/Huntsville  Division,  Hwttsvllle,  AL 

1530  12  PHYSICAL  AND  CHEMICAL  CONSEQUENCES  OP  ANTIAROMATICITY  IN  THE 

BORACYCLOPENTADIEHS  SYSTEM.  John  J.  Eiaoh,  Sinpel  Koalas,  and  Janes 
B.  Galls,  State  University  of  New  York  at  Blnghauston,  NY  (New  Start) 

15*5  13  HIGH  ENERGY  MOLECULES  OP  HIGH  SYMCTRY.  William  S.  Anderson,  Chemical 

••  Systems  Division/United  Technologies  Corporation,  San  Joss,  CA  (New 
Start) 

1600  1*  STRUCTURE-DECOMPOSITION  RELATIONSHIPS  IN  NEHB5  ENERGETIC  MATERIALS. 

Thomas  B.  Brill  and  Yoshio  Oyuai,  University  of  Delaware,  Newark,  DN 

1630  15  DEUTERIUM  ISOTOPE  EFPRCTS  IN  RDZ  DECOWOSITION  AND  COMBUSTION 

PROCESSES.  Soott  A.  Sohaokelford,  Stephen  L.  Rodgers,  and  Michael  B. 
Coolidgs,  AFRPL/U1R;  Robert  E.  Aaklns,  Morton  Thlokol  Corporation, 
Huntsville,  AL 

1700  ADJOURN  SESSION 

1700  Discussion  Symposia  (Snacks  ,soft  drinks,  cash  bar)  -  Antelope  Valley 

Inn 
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Session  Chairman:  Julian  Tishkoff,  AFQSR/NA 
Topic:  Combustion 
TIME  HUM. 

0800  16  FLAME  MECHANISE  AND  FLAME  INHIBITION.  Jay  D.  Eversole  and  David  P. 

Weaver,  AFRPL 

0830  17  SUPPRESSION  OF  AFTERBURNING  IN  SOLID  ROCKET  PLUMB  BT  POTASSIUM  SALTS. 

Eugene  Miller,  University  of  Nevada  Reno,  Reno,  NT 

0900  18  CHEMICAL  KINETICS  OF  NITRAMINE  PROPELLANT  COMBUSTION.  Helvyn  C. 

Branch,  University  of  Colorado,  Bolder,  CO 

0930  19  COMBUSTION  OF  HYDROGEN  AND  HYDROCARBONS  IN  FLUORINE.  Myron  J. 

Kaufman,  Emory  University,  Atlanta,  GA  (New  Start) 

1000  Break 


1030  20  ANALYSIS  OF  HETEROGENEOUS  DIFFUSION  FLAME  STABILIZATION.  Warren  C. 

Strahle  and  Jechiel  I.  Jagoda,  Georgia  Institute  of  Technology, 
Atlanta,  GA 

1045  21  EXPERIMENTAL  INVESTIGATION  OF  HETEROGENEOUS  FLAW  STABILIZATION. 

Warren  C.  Strahle  and  Jechiel  I.  Jagoda,  Georgia  Institute  of 
Technology,  Atlanta,  GA 

1100  22  HIGH  PRESSURE  SOLID  PROPELLANT  COMBUSTION  ZONE  STRUCTURE  FROM  ANALYSIS 

CP  HYDROXYL  RADICAL  CHEMILUMINESCENCE .  David  P.  Weaver,  Tim  Edwards, 
Susan  Hulsizer,  and  David  H.  Campbell,  AFRPL  and  University  of  Dayton 

1120  23  EVALUATION  OF  HMX  PROPELLANT  CHEMISTRY  FROM  RAMAN  SPECIES  AND 

TEMPERATURE  WASUREMENTS.  David  H.  Campbell,  Tim  Edwards,  David  P. 
Weaver,  and  Susan  Hulsizer,  AFRPL  and  University  of  Dayton 

1140  24  APPLICATION  OF  MOLECULAR  KINETIC  MODELS  TO  THE  PREDICTION  OF  BACKFLOW 

CONTAMINATION .  David  P.  Weaver  and  David  H.  Campbell,  AFRPL  end 
University  of  Dayton 

25  ’EVALUATION  AND  COMPILATION  OP  THE  THERMODYNAMIC  PROPERTIES  OF  HIGH 
TEMPERATURE  SPECIES.  Maloolm  W.  Chase,  The  Dow  Chemical  Company, 
Midland,  MI 

26  ’CRITICAL  EVALUATION  OF  HIGH  TEMPERATURE  CHEMICAL  KINETIC  DATA. 

Norman  Cohen  and  Karl  Weatberg,  Aerospace  Corporation,  Los  Angelas,  CA 

1200  Lunch  (Reconvene  et  1300) 


Abstract  only,  no  presentation. 
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TUESDAY  (PM) 
19  March  1985 


Session  Chaiman:  Robert  C.  Corley,  AFRPL/DYC 
Toplo:  Ccnbustlon  (continued) 


TIME  HUM. 

1300  27  AZIDE  DECOMPOSITION  AND  COMBUSTION.  Joseph  E.  Flanagan,  Dean  0. 

Woolary,  and  Wallace  W.  Thoapson,  Rocketdyne  Division;  Rockwell 
International,  Canoga  Park,  CA 


1315 

13*15 


26  STABILITY  OP  RDZ,  AP  AND  BTTN  NEAR  ROOM  TEMPERATURE.  Douglas  B.  Olson 
and  Robert  J.  Gill,  AeroChea  Research  Laboratories,  Inc,  Princeton,  NJ 

-  INVITED:  COMBUSTION  OF  ENERGETIC  MATERIALS  AT  THE  SANDIA  COMBUSTION 
RESEARCH  FACILITY.  Sheridan  Johnston,  Sandia  National  Laboratories, 
Liveraore,  CA 

29  * FUEL-RICH  SOLID  PROPELLANT  BORON  COMBUSTION.  Merrill  K.  King  and 
Jaaes  J.  Konar,  Atlantic  Researoh  Corporation,  Alexandria,  VA 

30  "GROWTH  BEHAVIOR  IN  A  COMPOSITE  PROPELLANT  WITH  STRAIN  GRADIENTS.  C. 
T.  Liu,  AFRPL 

31  *CRACK  GROWTH  BEHAVIOR  IN  A  COMPOSITE  PROPELLANT  WITH  STRAIN 
GRADIENTS.  C.  T.  Liu,  AFRPL 


32  "HIGH  RESOLUTION  MOVIES  OF  PROPELLANT  DEFLAGRATION .  Roger  J.  Becker, 
Paul  F.  Luehraann,  and  Janet  L.  Laird,  University  of  Dayton  Researoh 
Institute,  Dayton,  OH 

33  "WIDE  DISTRIBUTION  PROPELLANTS.  Robert  A.  Frederick,  Jr.  and  John  R. 
Osborn,  Purdue  University,  West  Lafayette,  IN 


.  .  .  oontlnued  on  next  page. 


Abstract  only,  no  presentation. 


TUESDAY  (PH)  (Continued) 

19  March  1985 

Session  Chairman:  Robert  C.  Corley,  AFRPL/DYC 

Topic:  Combustion  Instability 

TIME  MUM. 

1415  34  COUPLING  BETWEEN  VELOCITY  OSCILLATIONS  AND  SOLID  PROPELLANT 

COMBUSTION.  Robert  S.  Brown,  A.  M.  Blackner,  Paul  G  Willoughby,  and 
Roger  Dunlap,  United  Tecnnologies/Chemieal  Systems  Division,  San  Jose, 
CA 

1445  35  FLAME-ACOUSTIC  WAVE  INTERACTION  DURING  AXIAL  SOLID  ROCKET 

INSTABILITIES.  Ben  T.  Zinn,  Brady  R.  Daniel,  Jechiel  J.  Jagoda,  and 
Uday  Hedge,  Georgia  Institute  of  Technology,  Atlanta,  GA 

1515  Break 

1530  36  MECHANISMS  OF  ACOUSTIC  SUPPRESSION.  Merrill  W.  Beckstead  and  Richard 

L.  Raun,  Brigham  Young  University,  Provo,  UT 

1600  37  FLOWFIELD  EFFECTS  ON  COMBUSTION  INSTABILITY.  T.  J.  Chung,  University 

of  Alabama/Huntsville,  Huntsville,  AL 

1630  38  ROCKET  MOTOR  FLOW  TURNING  LOSSES.  Alan  S.  Harsh,  Hersh  Acoustical 

Engineering,  Chatsworth,  CA 

1700  -  OVERVIEW  OF  AFRPL  PLANS  IN  C0t©USTI0N.  Robert  C.  Corley,  AFRPL 

1715  OPEN  DISCUSSION 

ADJOURN 

1725  Discussion  Symposia  (Snacks  ,soft  drinks,  cash  bar)  -  Antelope  Valley 

Inn 


Abstraot  only,  no  presentation. 


1985  AFOSR/AFRPL  SOCKET  RESEARCH  MEETING 

Antelope  Valley  Inn  Lancaster,  CA  93524 

WEDNESDAY  (AM) 

20  March  1985 

0730  Registration 

Session  Chair* an:  Leonard  H.  Caveny,  AFOSR/NA 

Topic:  General 

TIME  HUM. 

0800  Announce* ents 

0805  -  WELCOME:  Don  A.  Hart,  Director,  AFRPL/CC 

0815  -  OVERVIEW:  AIR  FORCE  ROCKET  PROPULSIOK.  Richard  R.  Weiss,  Chief 

Scientist,  AFR^ 

0915  38  OVERVIEW:  AFOSR  IMTE RESTS  IN  ROCKET  PROPULSION.  Lee  lard  H.  Caveny, 

AFOSR/NA 

0930  ••  OVERVIEW:  AFRPL  RESEARCH  INTERESTS  IN  ROCKET  PROPULSION.  Wayne  E. 

Ace,  AFRPL/XRX 

0945  Break 

1015  -  ADVANCED  DIAGNOSTICS  OF  REACTING  FLOWS.  Ronald  K.  Hanson,  Stanford 

University,  Stanford,  CA 

1100  39  INTERACTION  OF  MULTI-DIMENSIONAL  MEAN  AND  ACOUSTIC  FIELDS  IN  SOLID 

ROCKET  COMBUSTION  CHAMBERS,  Joseph  D.  Baua  and  Jay  N.  Levine, 
A7RPL/DYCR  1 

1130  -  INVITED:  TRANSATM05PHERI C  PROPULSION.  Lalk  N.  Myrabo,  Rensselaer 

Polytechnic  Institute,  Troy,  NT 

1200  Lunch  (Reconvene  at  1300) 
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WEDNESDAY  (PM) 
20  March  1 985~ 


Session  Chairman:  Capt.  William  Sowell,  AFRPL/LKCS 
Topic:  Beamed  and  Solar  Energy  to  Flowing  Media 
TIME  MUM. 

1300  40  LASER  THERMAL  PROPULSION.  Dennis  R.  Keefer,  Carroll  Peters,  Herbert 

Crowder,  and  Richard  Welle.  University  of  Tennessee  Space  Institute, 
Tullahoma,  TN 


1330  41  ANALYTICAL  MODELING  OF  STRONG  RADIATION  GAS-DYNAMIC  INTERACTION. 

Charles  L.  Merkle,  The  Pennsylvania  State  University,  University  Park, 
PA 

1400  42  EXPERIMENTAL  STUDIES  OF  LASER-SUSTAINED  ARGON  PLASMAS  FOR  CW  LASER 

PROPULSION  APPLICATIONS.  Herman  Krier  and  Jyoti  Mazumder,  University 
of  Illinois  at  Urbana-Champaign ,  Urbana,  IL 

1430  43  LINEAR  AND  SATURATED  ABSORPTION  OF  USER  RADIATION  IN  HEATED  GASES. 

Robert  H.  Krech,  Lauren  M.  Cowles,  George  E.  Caledonia,  David  I. 

Rosen,  Physical  Sciences  Inc.,  Andover,  MA 

1500  Break 

1515  44  ENERGY  DEPOSITION  OF  PULSED  ONE  MICRON  LASER  RADIATION  IN  H_  and  AR. 

David  I.  Rosen  and  Nelson  H.  Kemp,  Physical  Sciences  Inc,  Andover,  MA 

1545  45  ADVANCED  ENERGY  CONVERSION  CONCEPT  FOR  MICROWAVE  BEAMED-ENERGY 

PROPULSION.  Leik  N.  Myrabo,  Rensselaer  Polytechnic  Institute,  Troy, 
NY  (New  Start) 


1615 

1615-1645 

1615 

1800 


ADJOURN  SESSION 

ADMINISTRATE^  MEETING  (FOR  AFOSR  CONTRACTORS  ONLY) 

Discussion  Symposia  (Snacks  ,soft  drinks,  cash  bar)  -  Antelope  Valley 
Inn 

WORKING  SESSION:  SHUTTLE  BASED  ELECTRICAL  PROPULSION  AND  PUSHA  FLOW 
EXPERIMENTS.  (Open  agenda) 


Abstract  only,  no  presentation. 


THURSDAY  (AM) 

21  March~l9§5 

07 JO  Registration 

Session  Chairman:  Robert  J  Vondra,  AFRPL/LKCJ 
Topic:  Electromagnetic  Acceleration  of  Plasmas 

* BASIC  PROCESSES  IN  PLASMA  PROPULSION.  Herbert  0.  Schrade,  Institut 
fur  Raumfahrtantriebe  der  Unlversitat  Stuttgart,, 

PERFORMANCE-LIMITING  FACTORS  IN  MPD  THRUSTERS.  Manuel 
Martinez-Sanehez,  Daniel  Heiaerdinger,  Mark  Chanty  and  David  Melanson 
Massachusetts  Institute  of  Technology,  Cambridge,  MA 

EROSION  AND  ONSET  MECHANISMS  IN  HAGNETOPLASMADYNAMIC  THRUSTERS.  John 
L.  Lawless,  Carnegic-Mellon  University,  Pittsburgh,  Pa 

CATHODE  OPERATION  IN  A  53KW  SUBSCALE  MPD  THRUSTER  TEST  BED.  David  Q. 
King,  Jet  Propulsion  Laboratory,  Pasadena,  CA 

MAGNETICALLY  CONTAINED  ELECTROTHERMAL  THRUSTERS.  George  R.  Seikel, 
SeiTeo,  Ino.,  Cleveland,  OH  (New  Start) 

Break 

PLASMA-GAS  INTERACTION  STUDIES  IN  A  HYBRID  PLUME  PLASMA  ROCKET. 
Franklin  R.  Chang,  NASA  Johnson  Spaoe  Flight  Center,  Houston,  TX 
Warren  A.  Krueger,  Ted  F.  Yang,  and  Jay  L.  Fisher,  Massachusetts 
Institute  of  Technology,  Cambridge,  MA  (New  Start) 

A  TANDEM  MIRROR  PLASMA  SOURCE  FOR  HYBRID  PLUME  PLASMA  STUDIES.  Ted  F 
Yang,  Ron  H.  Miller,  Kevin  W.  Wenzel,  Warren  A.  Krueger,  and  Franklin 
R.  Chang,  MIT,  Cambridge,  MA  (New  Start) 

1100  53  COUPLING  BETWEEN  GAS  DYNAMICS  AND  MICROWAVE  ENERGY  ABSORPTION. 

Michael  M.  Mioei,  Pennsylvania  State  University,  University  Park,  PA 
(New  Start) 

1115  54  PULSED  INDUCTIVE  ENERGY  TRANSFER.  Peter  P.  Mongeau  and  Douglas  P. 

Hart,  Electromagnetic  Launch  Research,  Ino.,  Cambridge,  MA 

1145  55  LASER  DIAGNOSTICS  FOR  ELECTRIC  FIELD  MEASUREMENTS.  Roger  J.  Becker, 

Blair  A.  Barbour,  and  Allen  T.  Buswell,  University  of  Dayton  Research 
Institute,  Dayton,  OH  (New  Start) 


TIME 

NUM. 

46 

0800 

47 

0830 

48 

0900 

49 

0930 

50 

1000 

1030 

51 

1045 

52 

1200  Lunch  (Reconvene,  at  1300) 


THURSDAY  (PH) 


21  March  1985 


Session  Chairman:  Frank  Head,  AFRPL/LKCS 


Toplo:  Energy  Conversion 


TIME  NUM. 

1300  56  OPTICAL  TECHNIQUE  TO  MEASURE  ELECTRODE  EROSION.  Jaaes  C.  Trolinger 

and  David  F.  Sohaack,  Spectron  Development  Laboratories,  Inc,,  Costa 
Mesa,  CA  (New  Start) 


1315  57  VARIABLE  FIELD  EFFECTS  FOR  THE  ROTATING  FLUIDIZED  BED  REACTOR.  Owen 

C.  Jones,  Jr.,  Rensselaer  Polytechnic  Institute,  Troy,  NT 

1345  58  EFFECT  OF  INTERFACIAL  PHENOMENA  ON  CONTACT  LIKE  HEAT  TRANSFER 

Peter  C.  Wayner,  Jr.,  Rensselaer  Polytechnic  Institute,  Troy,  NY  (New 
Start) 


1415  59  UNIFIED  STUDY  OF  PLASMA-SURFACE  INTERACTIONS  FOR  SPACE  POWER  AND 

PROPULSION.  Peter  J.  Turchi,  Craig  N.  Boyer,  John  F.  Davis,  and 
Joseph  Norwood,  Jr.,  R  D  Associates,  Washington  Research  Laboratory, 
Alexandria,  VA 

60  *CLOSE-SPACE ,  HIGH  TEMPERATURE  KKUDSEN  FLOW.  John  B.  McVey,  Rasor 
Associates,  Inc.,  Sunnyvale,  CA 

1445  ADJOURN  MEETING 


Abstraot  only,  no  presentation. 


Topic:  Diagnostics  of  Reacting  Flow 

61  TWO-PHOTON  DETECTION  TECHNIQUES  FOR  ATOMIC  FLUORINE.  William  X. 
Bischel,  SRI  International,  Menlo  Park,  CA 

62  COHERENT  OPTICAL  TRANSIENT  SPECTROSCOPY  IN  FLAMES.  John  W.  Daily, 
University  of  California,  Berkeley,  CA  . 

63  DEVELOPMENT  OF  VELOCITY  MEASUREMENT  TECHNIQUE  BY  PULSED  USER  DOPPLER 
ANEMOMETRY.  B.  C.  R.  Ewan  and  J.  Swithenbank,  University  of 
Sheffield,  Sheffield,  GB 

64  QUANTITATIVE  FLOW  VITJALIZATION.  Ronald  X.  Hanson,  Stanford 
University,  Stanford,  CA 

65  OPTICAL  PROCESSING  AND  PHASE  CONJUGATION.  Laabertus  Hessellnk, 
Stanford  University,  Stanford,  CA 

66  STRATEGY  FOR  ADVANCED  SENSING  AND  CONTROL  OF  COMBUSTION.  Mark  L. 
Nagurka,  vuan  I.  Ramos,  and  W.  A.  Sirignano,  Carnegle-Mellon 
University,  Pittsburgh,  PA 

67  1-D  LASER  DOPPLER  INSTRUMENTATION.  Holger  T.  Sommer,  Carnegie-Mellon 
University,  Pittsburgh,  PA 

68  RESONANT  CARS  DETECTION  OF  OH  RADICALS.  James  F.  Verdieok,  United 
Technologies  Research  Center,  East  Hartford,  CT. 

69  SPRAY  CHARACTERIZATION  USING  PHASE  ANGLE  DETECTION.  William  D. 
Bachalo,  Aerometrlcs,  Inc.,  Mountain  View,  CA 

70  LASER  EMISSION  AND  COHERENT  RAMAN  SCATTERING  FROM  INDIVIDUAL  FLOWING 
DROPLETS.  Richard  X.  Chang,  Marshall  B.  Long,  and  Roman  Kuo,  Yale 
University,  New  Haven,  CT 

71  SIZE  AND  SHAPE  CHARACTERIZATION  OF  INDIVIDUAL  FLOWING  DROPLETS  BY 
USER  LIGHT  SCATTERING.  Richard  X.  Chang,  B.  T.  Chu,  and  Marshall  B. 
Long,  Yale  University,  New  Haven,  CT 

72  SPRAY  CHARACTERIZATION  WITH  A  NON INTRUSIVE  OPTICAL  SINGLE  PARTICLE 
COUNTER.  Cecil  F.  Hess,  Spectron,  Development  Laboratories,  Ino., 

Costa  Mesa,  CA 

73  INTELLIGENT  LASER  DIFFRACTION  INSTRUMENTATION  FOR  PARTICLE  SIZE 
ANALYSIS.  E.  Dan  Hirleman  and  Joseph  I.  Koo,  Arizona  State 
University,  Teape,  AZ 

74  APPLICATION  OF  ATOMIC  FLUORESCENCE  TO  MEASUREMENT  OF  COMBUSTION 
TEMPERATURES  IN  SOLID  PROPELLANTS.  Larry  P.  Goss  and  Arthur  A.  Smith, 
Systems  Research  Laboratories,  Inc.,  Dayton,  OH 

79  REAL-TIME,  TWO-DIMENSIONAL  FUEL  SPRAY  VISUALIZATION.  Lynn  A.  Melton, 
University  of  Texas  at  Dallas,  Richardson,  TX;  James  F.  Verdieok, 
United  Technologies  Research  Center,  East  Hartford,  CT 

76  SINGLE  PARTICLE  SIZING  BY  MEASUREMENT  OF  BROWNIAN  MOTION.  Alan  C. 
Stanton,  Aerodyne  Research,  Ino.,  Billerica,  MA,  and  Wai  X.  Cheng, 
Massachusetts  Institute  of  Technology,  Cambridge,  MA 
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ELECTROLYTIC  PREPARATION  OP  NOVEL  AZIDODIN1TRO  COMPOUNDS 
Milton  B.  Frankel  and  James  F.  Weber 

Rockwell  International  Corporation 
Rocketdyne  Division 
Canoga  Park,  CA  91304 

Future  higher  performance  propellants  will  require  new  classes  of  more  energetic 
ingredients.  Polynitro-  and  azido-alkyl  compounds  either  have  been  or  are  being 
evaluated  for  this  purpose.  Highly  substituted  geminal  dinltro  compounds 
le.g.,  R-CCNOj >2^,  where  X-NOjtCH^.Fl  are  of  particular  Interest,  and  substitution 
of  an  azldo  group  (X-N*)  will  further  enhance  the  energetics  of  such  compounds. 

This  rssults  from  the  fact  that  the  azide  group  contributes  '^80  Kcal/mole  to  the 
compound  without  decreasing  the  0/C  ratio. 

The  preparation  of  compounds  containing  the  azldodinltromethyl  group,  for  example, 
presents  a  challenging  problem.  Prior  studies  conducted  by  C.  L.  Wright  on  the 
electrochemical  azidization  of  nitro  compounds  have  only  afforded  1,1,1-azido- 
dlnltro-ethane  and  -propane.  On  the  other  hand,  only  the  former  compound  has 
been  synthesized  in  low  yield  and  purity  by  standard  chemical  synthetic  techniques. 

The  present  program  is  directed  toward  investigating  the  experimental  variables 
which  influence  the  electrochemical  azidization  of  nitro  organics,  and  extending 
this  basic  knowledge  to  the  synthesis  of  compounds  having  potential  value  as 
propellant  ingredients.  Cyclic  voltammetry  is  being  used  to  determine  the 
oxidation  potentials  of  the  various  reactants,  the  course  of  the  half  reactions 
(i.e.,  reversibility),  pH  and  r-mperature  dependence,  and  solvent /electrolyte 
effects.  To  date,  these  electroaiwlytical  studies  have  shown  that  the  voltammetric 
peak  potentials  of  the  azide  ion  and  dinitro  carbanions,  containing  various  other 
functional  groups,  fall  within  a  range  of  290  mv.  Furthermore,  it  has  been 
determined  that  the  anodic  oxidations  are  Irreversible  and  relatively  insensitive 
to  pH  (6  to  11)  and  temperature  (10  to  50C).  For  those  cases  wherein  the  anodic 
peak  potential  difference  between  the  azide  ion  and  dinltro  carbanion  is  'va.50  mv, 
simultaneous  oxidation  of  both  anions  occur  as  desired.  For  those  reactant  pairs 
which  exhibit  greater  differences  in  peak  potentials,  the  apparent  preferred 
reaction  is  one  Involving  a  step-wise  oxidation-addition-oxidation  pathway  leading 
to  the  formation  of  diazidonitro-substltuted  compounds. 

The  above  studies  have  led  to  the  synthesis  of  1,1,1-azidodlnltroethane  in  Improved 
yields  of  30  to  40X  at  both  platinum  and  graphite  anodes.  In  addition,  azido- 
dinitromethyl-substituted  esters  and  alcohols  have  been  synthesized  by  this 
technique  albeit  in  low  (<20%)  yields. 
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EXTEND  BASIC  ELECTROCHEMICAL  TECHNOLOGY  TO  CANDIDATE  PROPELLANT 
INGREDIENTS 


ACCOMPLISHMENTS 


•*  1985  ROCKET  RESEARCH  MEETING  •• 
Abstract  1  Pg  3 


/ 


% 


! 


i 

i 

! 

« 

» 


i 

i 

i 

\ 

N 

% 

1' 

V 

.1 

a 

4 


K\ 

04 

<*■* 

<£* 


o 

a?1 

u 

o 

<£* 

in 

CM 

cj 


kv 

2 

04 


a 

O  00 


04 

O 

§ 

O 

04 

ae 

u 

04 

ac 

a. 

00 

a. 

O 

z 

04 

U 

u 

Q 

3 

i 

»— 

oc 

m 

34 

Q* 

<_> 

s 

UJ 

£ 

8 

O  o2 
oc  o 


O 


£ 

o 

in 

04 

CO 


»•  1585  ROCKET  RESEARCH  MEETING  •• 
Abstract  2  Pg  1 


SYNTHESIS  OF  DIFLUORAMINOXY- ,  DIFLUORAMINO-  or  FLUORODIA20NIUM-CONTAINI«C 
MATERIALS 


Joan 'no  M.  Shreeve 

University  of  Idaho 
Moscow,  Idaho  83843 


Future  rocker,  propulsion  advances  require  new  stebie  high  energy  mate¬ 
rials.  The  research  is  concerned  with  the  synthesis  of  stable,  highly 
oxidizing  compounds  which  nay  contain,  but  are  not  United  to,  nitrogen- 
fluorine  bonds  and  the  subsequent  investigation  of  their  physical  and  chemical 
properties. 

Several  routes  to  these  conpound  types  have  been  examined  or  are  presently 
under  investigation. 

(a)  The  Lewis  acid  catalyzed  introduction  of  -OMF2  into  F-oleflns  and 
functionalized  F-olefina  via  reactions  of  NF3O. 

(b)  In  situ  generation  of  an  active  fluorinatlng  reagent  through  the 
interection  of  NF3O  with  NO. 

(c)  Development  of  e  versatile,  inexpensive,  nild  fluorlnation  technique. 

(d)  Deoxygenation  of  N-flqoroazoxy  compounds  to  fluorodlazonlum  com¬ 
pounds,  RfN»NF. 

(e)  Syntheses  of  RfN**JfR  compounds  where  R  is  en  effective  leaving  group 
that  can  be  displaced  by  fluorine. 

(f)  Mlchsells-Arbuzbv  rearrangements  which  Involve  sulfur  ee  the  centrel 
atom. 


(g)  Novel  reactions  at  the  sulfur-fluorine  bond  in  various  substituted 
fluorosulf ates . 

Trlfluoramine  oxide  (NF3O)  has  been  found  to  react  rapidly  with  nitric 
oxide  to  give  nltrosyl  fluoride  (FNO).  A  free  radical  reaction  involving  the 
known  difluoronltryl  (F 2NOO  radical  is  proposed  as  a  plausible  mechanism. 

This  reaction  has  been,  used  as  an  in  situ  source  of  nltrosyl  fluoride  to 
synthesise  the  previously  unknown  nitroao  compounds  Rf(CF3>CFN0  ( Rf  ■  n-C 5?! j , 
SF5,  OC2F5) 

The  perfluoronitrosocycloalkanes,  heptaflluoronitrosoeyclobutana  and 
nonafluoronltrosocyclopentane,  are  convenient 

With  anil 


perfluorocycloalkyl(»rvl)dlatenes.  W  ______ 

CFo ( CFj )„CFH»NC( CM ’ ith  and  CF?( CF? ),iFN-NC( CH) atc(0)NH?  (x  •  2,3)  are  forme* 
-  '  Dbutane  dives 


Additionally,  heptsfluoronitroaocyclobutane  gives  br2l^r2*2i;ri,",n;t;i’l'|ri;i,l‘<>v’f' 
and  CF2<CF2)2fcPR“Hfc(CH)4dNH2  with  2 , 3, 5,6-tetrafluoroniline  and  o-phenylene- 


diamine. 


precursors  to  a  family  of  new 
lne  and  <^aminobensamide , 

are  formed. 
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NEW  FLUORINE-TRANSFER  REAGENT 
C0F2 


PROPERTIES 

•  STABLE  TO  HEAT,  SHOCK 

•  B.  P.  -83°C 

•  REACTIVE  AT  25*C  OR  ABOVE 

•  VERSATILE 

•  SYNTHESIZED  WITHOUT  USE  OF  FLUORINE 

APPLICATIONS 


•  OXIDATIVE  FLUORINATION 

•  REPLACE  C-H,  P-H,  N-H,  B-H  WITH  C-F,  P-F,  N-F,  B-F 

•  CONVERT  BONDS  TO  HF2 
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ACCOMPLISHMENTS 


IN  SITU  GENERATION  OF  FNO 


2N0  +  NF3O 


3  ONF 
100X 


N20t*  +  KF  - ONF  +  KNO3 

100X 

ONCL  +  KF  - >  ONF  +  KCL 

1001 

FLUORINATION  UNDER  MILD  CONDITIONS 

(R0>2P(0)H  +  C0F2  — §— >  (R0)2P(0)F  +  CO  +  B-HF 

S 


r  F 

£pCH2CH2P^  ♦  2C0F2  — hpCH2CH2P^  +2  CO 

♦  *  ▼  p  p  t 

O  ♦  C0F2  — ^ - >  O  ♦  CO  +  B-HF 


feCH  +  COF2  — >  feCF  +  CO  >  B-HF 

s 


MICHAELIS-ARBUZOV  REARRANGEMENTS 


Rp0sS  +  2ClF  — : «»  RF0>S-0 
Rf0'  RF0  p 


R*>0  © 
RfOIf© 


RP0S02F  ^-RfF 
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ststhicsis  of  m  polthitmopolthkosaks 
* 

Alan  P.  Marchanti  ,  Suresh  C.  Suri,  and  D.  Sivakumar  Reddy 
Department  of  Chemistry,  North  Texas  State  University 
NTSU  Station,  Box  5068,  Denton,  Texas  76203-5068 

Our  research  progra*  centers  on  the  synthesis  of 
polynitropolycyclic  compounds.  These  compounds  belong  to  a 
new  class  of  explosives  and  propellants.  However,  relatively 
few  polynitropolycyclic  compounds  have  thus  far  been 
reported . 

Our  approach  to  the  synthesis  of  these  compounds 
involves  first  constructing  highly  functionalized 
(X-substituted)  polycyclic  *0800"  systems;  the  individual 
substituents,  X,  are  converted  subsequently  into  nitio 
groups.  Typical  methodology,  illustrated  for  the  synthesis  of 
polynitro-l,3-bishomocuhanes,  is  outlined  in  Figure  1.  In 
this  approach,  the  substituted  polycyclic  framework  is 
constructed  via  a  combination  of  thermal  and  photochemical 
cycloadditions;  the  substituent  groups,  generally  cage  ketone 
carbonyl  groups  or  pendant  carboxylic  ester,  acid,  or  phenyl 
functionalities,  can  then  be  converted  subsequently  into 
nitro  groups.  This  approach  has  the  distinct  advantage  that 
increasing  number  of  nitro  groups  are  introduced  sequentially 
into  the  cage  molecule.  Thus,  the  cumulative  effects  of 
increasing  nitro-substitution  upon  product  stability,  upon 
relative  ease  of  product-forming  reactions,  and  upon 
explosive  performance  can  be  gauged  in  a  gradual  and  orderly 
fashion. 

Using  the  general  approach  descrihed  above,  we  have 
recently  completed  the  syntheses  of  a  trinitro-  and  a 
tetranitro-1, 3-bishomocubane  in  thirteen  and  ten  stereo- 
controlled  steps,  respectively  (Figure  2).  Pf forts  to 
synthesize  an  octanitro-1, 3-bishomocubane  and  a  hexanitro- 
trishoraocuhane  are  underway  currently  in  our  laboratory. 


Typical  approach  to  tha  synthesis  of  polynitropolyhedranes  as  illustrated 
for  the  synthesis  of  polynitro-l#3~bishosK)cubanes. 
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FIGURE  1 


••  1985  ROCKET  RESEARCH  MEETING  •• 
Abatract  3  Pg  3 


•jrathaaftaf 

SAU>TMraaltf«»aatoeTciKAAJ4uJu*Ju)4^ 


1 


*•  !985  SOCKET  RESEARCH  MEETING  •• 
Abstract  4  Pg  1 

Synthesis  of  High  Nitrogen  Content  Heterocyclic  Nitramines 
and  Energetic  Internal  Plasticizers 

Dr.  Rodney  L.  Wilier  and  Dr.  James  A.  Hartwell 
Morton  Thiokol,  Inc. 

Elkton  Division 
Elkton,  Maryland  21921-0214 


A  considerable  need  exists  for  energetic  materials  which  are  denser  and 
more  energetic  than  l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX)  and  are  therm¬ 
ally  and  hydrolytically  stable.  These  dense,  energetic  materials  are  needed  as 
ingredients  for  advanced  explosives  and  propellant  formulations  that  would  ex¬ 
ceed  the  performance  of  current  formulations  and  allow  future  weapons  systems 
to  meet  projected  performance  requirements.  Most  of  the  effort  in  this  area  has 
focused  on  two  classes  of  compounds,  the  polynitro  caged  hydrocarbons,  typified 
by  octanitrocubane ,  and  the  caged  nitramine  compounds ,  typified  by  compounds 
such  as  hexanitrohexaazaadamaniane  and  hexanitrohexaazswurtjdtane.  Some  pro¬ 
gress  has  been  made  with  both  types  of  compounds. 

There  are  other  classes  of  compounds  that  might  also  have  the  desired 
energy  and  density  and  that  might  be  easier  to  synthesize.  The  basic  require¬ 
ments  for  high  energy  in  a  compound  are  a  high- nitrogen  content,  a  high-positive 
heat  of  formation,  and  a  close  to  stoichiometric  oxygen  balance  for  the  formation 
of  CO  and  H,0.  The  main  requirement  for  high  density  is  highly  symmetric 
structures  that  incorporate  as  many  rings  as  possible.  Our  approach  to  the  design 
of  molecules  is  to  combine  high- nitrogen-content  heterocyclic  rings  such  as  furazan, 
furoxan,  and  tetraxole  rings  with  nitramine  groups  in  polycyclic  structures. 

Our  reasoning  for  this  approach  is  that  both  groups  are  known  to  have  positive 
heats  of.  formation  and  low -molar -volume  increments  and  combining  them  in  poly¬ 
cyclic  structures  further  maximizes  the  density  and  minimizes  the  amount  of  carbon 
atoms  needed  to  hold  the  components  together..  This  in  turn  allows  for  a  desirable 
oxygen  balance. 

In  Figure  1  are  drawn  some  of  our  current  target  molecules  which  were 
designed  by  these  criteria  along  with  their  predicted  densities  and  predicted 
specific  impulses.  In  Figure  2  are  drawn  two  compounds  which  were  designed  by 
these  criteria  and  then  subsequently  synthesized.  A  summary  of  the  predicted 
and  measured  properties  of  these  compounds  is  included. 

We  are  also  initiating  a  basic  research  program  into  type  3  internal  plast¬ 
icizers  (IP's)  and  energetic  internal  plasticizers  (EIP's).  The  ethylene  glycol 
malonate  (EGM)  prepolymer  system  him  been  chosen  as  our  model  system  because 
of  its  great  synthetic  flexability.  Hydroxy- terminated  EGM  prepolymers  with  vary¬ 
ing  percentage  of  straight  chain  alkyl  groups  (12,  14,  16,  18  i  20  carbon  atoms) 
attached  to  the  malonate  moiety  will  be  synthesized.  These  prepolymers  will  be 
cured  into  gum  stocks  using  isocyanate  cure  agents.  The  physical  and  mechanical 
properties  of  the  gumstocks  will  be  determined  in  order  to  determine  the  optimum 
length  and  percent  incorporation  for  the  side  chains  for  improvement  of  the  low 
temperature  properties  of  the  gumstocks.  An  attempt  to  replace  the  non-energetic 
side  chains  with  energetic  side  chains  of  comparable  length  will  then  be  made. 
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CURRENT  TARGET  MOLECULES 


N - 0 


FIGURE  1 
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COMPOUNDS  PREVIOUSLY  SYNTHESIZED 


SA  14438(2) 


FURAZANO-FUSED  NITRAMINES 


A. 


no2 

cy\ 


CL-15 

d  =2.00  g/CC 
*SP  =  275 


DNFP  (CL -7.5) 
d  *  1 .83  g/CC 
'SP  *  256 


PREDICTED  AND  MEASURED  PHYSICAL  PROPERTIES  OF  CL-15  AND  DNFP 


CL-15 


Density  *  g/cc 
Detonation  pressure  » !<bar 
Detonation  velocity  ,  mm/  ysee 


2.00 

4.19* 

9.43* 


1  DNFP 

Predicted 

Measured 

1.82 

1.83 

3.58 

3.25* 

8.72 

8.53* 

•Calculated  from  measured  density  and  heat  of  formation  by  the  Kamiet  Short  Method* 


FIGURE  2 


*•  1985  ROCKET  RESEARCH  MEETING  •• 
Abstract  5  Pg  1 


Synthesis  and  Reactivity  of  Unsaturated 
Metal  Nitrogen  Complexes. 

William  C.  Trogler,  Joseph  H.  Osborne,  and  Mary  Maciejewski 
Department  of  Chemistry,  D-006 
University  of  California,  San  Diego 
La  Jolla,  California  92093 

Reactions  between  organic  azides,  N3R  (R  ■  CH3,  CgHs,  2,6-(CH3) 2CsH3 , 
£-biphenyl,  SiMe3,  SiPh3,  CPh3,  and  neopentyl)  and  (n-CsMe5) 2V  lead  to 
(Figure  1)  either  (n-CsMes) 2VNR  or  (u-CsMe5)zVN3.  Mechanisms  for  the  mode 
of  reactivity  will  be  presented.  The  nitrene  complexes  exhibit  one  unpaired 
electron  according  to  bulk  magnetic  susceptibility  measurements.  At  room 
temperature  EFR  spectra  are  observed  that  reveal  both  vanadium  and  nitrogen 
hyperfine  splitting.  The  three  dimensional  structure  of  (p-C5Me5)2VN[2,6- 
(CH3)2C6H3]  has  been  established,  in  collaboration  with  Dr.  A.  Rhelngold  of 
the  University  of  Delaware,  by  X-ray  crystallography  (Figure  2)  and  the 
complex  exhibits  a  linear  V-N-R  group.  The  unsymmetrical  energetic  tetrazene, 
Ph(PhC(0))N-N«N-(PhC(0))Ph,  has  been  prepared  in  4  steps  from  phenylhydrazine 
and  its  reactivity  with  metal  reagents  has  been  examined.  Group  I  or  II 
metal  alkyls  fragment  the  tetrazene  to  PhN3  and  NH2[C(0)Ph]  while  complexes 
form  with  transition  metal  carbonyls.  Recent  chemistry  obtained  with  un¬ 
saturated  nitrogen  complexes,  that  are  derived  from  monosubstituted  hydrazines 
will  be  discussed. 
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Figura  1:  Reactions  Between  (n-CjKe^V  and  Organic  Azides. 
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SYNTHESIS  AMD  CHEMISTRY  OF  POLYNITROALKANES  AND  POLYNITROOLEFINS 
Contract:  F49620-83-K-0028 

Clifford  Bedford  and  Robert  J.  Schmitt 
SRI  International 
Energetic  Materials  Program 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 

Research  programs  in  energetic  materials  synthesis  and  mechanisms 
have  bean  hampered  by  the  lack  of  general  methods  for  synthesizing  geminal 
dinitroalkenes  and  non-acidlc  methods  for  nitramina  synthesis.  Efforts  to 
identify  and  overcome  these  research  barriers  have  thus  far. been  directed 
toward  special  situations  and  have  met  with  only  limited  success. 

The  objectives  of  this  research  program  have  been  to  develop  new 
methods  for  the  introduction  of  nitro  groups  on  olefins  and  amines.  We 
have  recently  begun  the  study  of  new  n on-acidic  methods  of  amine  nitration. 

This  work  utilizes  the  synthetic  capabilities  of  t rime thy lsilyl  (TMS)  pro¬ 
tecting/leaving  groups.'  The  TMS  group  significantly  enhances  the  solubility  of 
mminmm  in  aprotic  solvents  while  providing  a  specific  site  for  attack  for  the 
nitrating  agents.  These  protecting  groups  can  be  displaced  from  amines  and 
potentially  olefins  by  reaction  with  tetranitromethane,  N0_C1,  or  NO^F.  This 
unique  application  of  silane  chemistry  utilizes  the  formation  of  a  very  strong 
TMS -Halogen  bond  as  the  principle  driving  force. 

We  have  explored  the  scope  and  limitations  of  our  newly  discovered  nitro- 
deeluminatlon  reaction.  While  this  reaction  has  proven  effective  in  the 
preparation  of  a  few  nltroolef ins,  the  overall  scope  of  the  reaction  is 
rather  narrow^ limiting  its  synthetic  value  for  nltroolef in  synthesis. 

Studies  on  the  synthesis  of  nitroqulnodimethaines  have  been  initiated. 

The  goal  of  this  work  is  the  synthesis  and  characterization  of  novel  pi- 
electron  acceptors.  Success  will  lead  to  a  better  understanding  of  the 
chemistry  of  polynltro  compounds  and  to  the  design  of  a  new  dees  of  organic 
solids  having  useful  electrical  properties. 

The  work  to  date  is  summarized  below: 

•  We  have  developed  a  new  nltrodesllylatlon  reaction  utilizing 
trimethylsllyl  groups  as  protactlng/leavlng  groups  in  non-acidlc 
amine  nltratlon/nitrosatloos. 

•  We  discussed  our  completed  work  on  the  new  nitrodealuminatlon 
reaction. 

•  We  have  initiated  the  synthesis  and  characterization  of 
tetranitroqulnod imethane . 

•  We  have  initiated  a  study  of  the  reactions  of  nitryl  fluoride  with 
TMS- alkanes  and  TMS-alkyttes. 
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NEW  SYNTHETIC  METHODS  FOR  NITRO  COMPOUND  SYNTHESIS 


NEW  NON-ACIDIC  AMINE  NITRATION 
R 


NO,  NO 

I  2  I 


+  no2x 


0-0 


R  -  H,  Si(CH3)3 
X  -  F.  CS.  C{N02)3 

NITRODEALUMINATION  FOR  NITROOLEFIN  SYNTHESIS 


R  H  C(N02)4  R  H 

;c=cc. - -  ,^C=CC  41%  Yield 


HT  A£R, 


H  NO, 


•  TETRANITROQUINODIMETHANE  SYNTHESIS 


C(N02)2  “1-2 


O 
v 

L  cino2>2  j 


2K+ 


JA-577O-20 
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NON-ACID  NTfRAMINE/NITROSAMINE  SYNTHESIS 


H 

i 

NO, 

1  2 

NO, 

i  * 

+  C(N02>4 

CH2Cl2 

RT 

O' 

►  f  J  Yield  -  66.0 

3.5 

1.0 

TMS 

1 

NO, 

1  2 

NO, 

1 

+  No2a 

ch2o2 

-72°  C* 

O' 

►  f  J  Ywid-85 

0.82 

1.0 

TMS 

1 

NO, 

l 

NO 

*no,f 

CHjCl, 

-72°C 

O' 

1.8 

•  Yidd-96% 

1.0 

•  Non-addic- No  amine  dagradatkm  by  add 

•  TMS  Group  anhanoaa  amin*  solubility  in 
Aprotie  advanta 

•  Strong  driving  fore*  for  rapiacamant 
of  Am  in*- TMS  bond 


M-8770-19 


••  1985  ROCKET  RESEARCH  MEETING  •• 
Abstraot  7  Pg  1 


NEW  SYNTHETIC  TECHNIQUES 
FOR  ADVANCED  PROPELLANT  INGREDIENTS: 

SELECTIVE  TRANSFORMATIONS  AND  NEW  STRUCTURES 

Robert  D.  Chapman,  Scott  A.  Shackelford, 

John  L.  Andreshak 

Air  Force  Rocket  Propulsion  Laboratory 
Edwards  AFB,  CA  93523 

New  chemical  transformations  and  methods  are  being  investigated  which  potentially 
lead  to  energetic  target  compounds  with  new  and  novel  molecular  structures,  or  which 
improve  synthetic  routes  to  known  compounds  that  are  currently  expensive  propellant 
luxuries.  Three  of  four  scheduled  research  tasks  are  in  progress. 

Task  I  Nucleophilic  substitutions  of  alkyl  bromides  with  silver  triflate  were  conducted  to 
form  precursor  triflate  ester  compounds  for  conversion  into  key  energetic  ingredients. 
Triflate  ester  intermediates  provide  a  facile  and  selective  pathway  to  energetic  compounds 
not  available  by  direct  synthetic  routes.  The  scope  and  limitations  of  this  triflate  ester 
synthesis  have  not  been  investigated  systematically,  especially  with  dihaloalkanes.  The 
dibromoalkanes  react  much  more  rapidly  with  silver  triflate  than  do  corresponding 
monobromoalkanes,  and  unlike  the  monobromides,  dibromoalkanes  resist  unwanted  isom¬ 
erization  to  2°  triflate  products  in  CCL  solvent.  This  behavior  is  explained  by  an  SN.-type 
reaction  where  intramolecular  Br  anchimeric  assistance  occurs  in  bromoaikyl  monotriflate 
product  formation,  followed  by  intramolecular  anchimeric  stabilization  by  the  triflate  group 
during  alkyiditriflcte  product  formation.  There  is  also  a  greater  tendency  to  form  the 
ditriflate  product  as  chain  length  increases  in  the  *,<*» -dibromoalkanes  up  through  1,5- 
dibromopentane  where  this  effect  plateaus.  Higher  reaction  temperatures  render  the 
intermediate  triflate  product  unstable;  decomposition  with  polymerization  then  occurs  in 
CCI^  solvent  and  aromatic  alkylation  results  in  benzene  solvent.  A  manuscript  has  been 
prepared  for  Journal  of  Organic  Chemistry. 

Task  2  The  reaction  of  alkenes,  alkyl  carbonyls,  or  organometallic  compounds  with 
energetic  triflate  esters  could  permit  selective,  direct  syntheses  of  energetic  alkanes  or 
alkenes  in  which  an  overall  anti-Markownikov  introduction  of  energetic  groups  is  desired. 
Preliminary  reactions  between  fluorodinitroethyl  triflate  and  carbonyl  compounds  imply 
low-yield  formation  of-  energetic  -unsaturated  ethers.  Reactions  between  nitronium 
triflate  and  organolithium  compounds  tentatively  sliow  promise  as  a  selective  non-acidic 
nitration  technique,  and  studies  of  such  systems  are  continuing. 

Task  3  Collaborative  AFRPL/Pt  Loma  College  (D.  F.  Shell  homer)  studies  are  being 
conducted  with  alkene  methoxyfluorination  reactions  using  methanolic  Xep2  suspensions. 
Elucidation  of  this  mechanism  could  Dermit  an  exclusive  regioselective  control  which 
produces  the  anti-Markovnikov  ether  adduct.  Substitution  of  energetic  alcohols  for 
methanol  could  directly  produce  stable,  partially  fluorinated  energetic  ethers  rather  than 
undesirable  ocetrl-type  products.  Reactions  with  norbomene  produced  different  fluoro- 
methoxynorbornane  isomers  identified  as  those  where  the  methoxy  moiety  exclusively  added 
first  when  catalyzed  by  BF,.  New  isomers  occurred  with  HF  catalysis  in  which  the  F  atom 
added  first.  This  is  consilient  with  our  initially  proposed  reaction  mechanism  ih  which 
effecting  methoxy  addition  first  produces  the  desired  anti-Markownikov  product.  A 
manuscript  has  been  submitted  to  J.  Ora.  Chcm.  Studies  are  underway  with  the  energetic 
fluorodinitroethanoi  substrate. 


APPROACH 

.TflSK  ll .  Reactions  of  triflate  salts  for  selective  intermediate  syntheses 
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F  LUOROPOl YAZ I DO-E ST F RS  AS  ENERGETIC  POLYMERS 


Robert  M.  Nor  Tarty 

University  of  Illinois  at  Chicago 
Department  of  Chemistry 
Chicago.  11  60680 


The  objective  of  our  work  is  to  introduce  the  energy 
rich  azido  group  into  a  fluorine  containing  polymer.  The 
monomeric  compound  which  we  will  synthesize  are  fluoroazido~ 
ketenes  ( 1_  and  2) : 


Wj— CFj 
K.-CF, 


^C=C*0 


;c=c=o 


The  polymerization  of  1  and  2  depends  upon  the  sponten 
eous  reaction  of  the  highly  reactfve  o-lactone  formed  by  oxy 
gen  atom  transfer  (0,  or  C6H5XO)  to  the  ketene: 
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In  a  second  approach  to  f  luoroazidopolymers,  the  copoly¬ 
merization  of  the  intenaediary  a-lactones  will  be  carried  out 
in  the  presence  of  azido  co-monomers : 


(cfO,c=c=o  + 


C,H,K> 


^COOCH, 

Cs*C 

n'  ^cn 


Syntheses  of  the  relevant  compounds  will  be  presented. 
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NEW  ENERGETIC  POLYMERS  AS  BINDERS  FOR  PROPELLANTS 

Mostafa  A.H.  Talukder  and  Stanley  D.:  Mors*-  nl 
Air  Force  Rocket  Propulsion  Laboratory*  <  /»-; .  ?  i,  s on 
Edwards  AFB,  CA  93523  :  <:nJ  n* 

(University  of  Dayton  Research  institute) 

New  polymeric  syntheses  and  chain  modification  techniques  are  being  investigated 
to  obtain  improved  mechanical  properties  of  known  energetic  binders*  new  energetic 
prepolymer  and  binder  systems*  and  correlations  of  polymeric*  chemical  structure  to 
physical/mechanical  properties.  Its  approach  centers  on  new  energetic  polymer 
syntheses  via  cationic  polymerization  at  by  synthetic  modifications  of  known 
polymers.  Two  tasks  are  active. 

Task  I  seeks  to  improve  the  physical  and  mechanical  properties  of  known  energetic 
poiyether  polymers  derived  from  glye  idyl-substituted  monomers.  The  modified 
copotymerizatian  technique*  successfully  demonstrated  with  the  PECH  polymer  will  be 
used  to  prepare  modified  energetic  prepolymers  to  maximize  stress*  strain*  and 
modulus  properties.  Epibromahydrin  polymerizations  were  conducted  to  assess  the 
PEBH  modified  polymer  as  viable  precursor  for  the  aforementioned  er*  Tgetic  binder 
materials.  It  has  been  shown  that  an  epibromohydrin  polymer  can  be  farmed  that  will 
react  with  NaN*  or  AgNQ.  in  displacement  reactions.  The  reaction  rates  are  faster 
than  far  the  sarri#  reactions  with  potyepichiarohydrin. 

Task  2  will  seek  to  obtain  a  hydroxy-containing  poly-dlni tropropy I  vinyl  ether  polymer 
suitable  far  propellant  urethane  curing  procedures.  The  dinitrapropyl  vinyl  ether 
monomer  is  obtained  in  a  high-yield  one-step  synthesis  and  has  successfully  been 
polymerized  into  an  energetic  non-hydroxyterminated  binder  far  pressed  HMX 
explosive  fills.  Its  inherent  superior  thermochemical  stability*  coupled  with  its 
excellent  hydrolytic  stability  and  chemical  compatibility  at  elevated  temperatures 
with  HMX*  makes  it  a  vary  attractive  energetic  binder  candidate  for  minimum  smoke 
propellants. 

Task  3  addresses  the  polymerization  of  any  new  energetic  monomer  structures. 
Polymerization  reactions  will  be  conducted  to  characterize  new  energetic  polymer 
structure,  functionality*  and  physiol  properties. 

Task  4  employs  polymerization  syntheses  and  techniques  which  provide  structurally 
controlled  polymer  backbones  for  correlation  investigations  of  structure  and 
physical/mechanicai  properties.  Uhlike  Task  I  which  seeks  to  optimize  the  physical 
and  mechanical  properties  of  energetic  polymer  via  individual  synthetic  modification 
procedures*  Task  4  seeks  to  modify  only  the  energetic  pendant  substituent  on  an 
identically  synthesized  polymer  backbone  structure.  Any  differences  In  mechanic.!  or 
physical  properties  of  energetic  polymer  samples  will  be  caused  solely  by  the 
-N»*-  ONO?,  or  -OCHjCFtNO^)?  groups  themselves.  Become  of  the  ease  with  which 
a*  pendant  wif late  group  coufcrbe  displaced  by  energetic  but  weak  nucleophiles 
(-N-,  -  ONO-i-OFDNE),  glycidyl  triflate  monomer  was  synthesized  from  the  reaction 
of  epibromonydrln  and  silver  triflate.  The  method  was  limited  to  low  yield  of  the 
product.  However  a  modified  synthesis  and  isolation  technique  has  been  developed  to 
increase  the  yield  and  improve  the  purity  of  the  material. 

It  is  to  be  noted  here  that  the  research  work  of  the  project  was  postponed  for 
about  7  months  in  Jan  1984  because  of  the  absence  of  research  personnel. 
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APPROACH 


Task  I  +  IV:  Modification 
-fOC»rCH4! —  0 — Copolymer  f 

ch2$ 

|  AgOTf 


and  synthesis  of  glycidyl  polymers 

/°\ 

Copolymn.  HpC— —  CH 

diepoxide  CHgX 


■4  0ClixCH4— O— Copolymer 
CH28lf 


1 


-40CH3CH4-- 
2I  “ 
CH  X' 


Substn. 

0—  Copolymer 


AgOTf 


H-<OCH*fH-OH 

CigOTf 
|  Substn. 

H40CHtCH4-0« 

ci  B 

i»2x' 


Homopolvmn.  H, 


CH 
I 

CHjOTf 


CH 

CH, 


I  v"2' 

Copolymn. 

jDiepoxide 

•40CH*CHl—  o-c  opoly me  r 
*1 


Task  II:  Poly-DMPVE  modification 

ch2-ch>odnp  . ■»  H0 

DHP  -  -CH2C(N02)2CH3 

Task  III;  Hew  energetic  prepolymer  structures 

Syntheses  H40CH  . CHf-  OH.  H-fOCHsCH*— ON 

via  novel  1  |  n  iy- 

monomers:  .  CNgX'  CHgX"  1 *2 


X-  Cl,  B r,  I 

x4-n3.-qho2,  -och2cp(ho2)2 

oTf«-oso2cr3 
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ENERGETIC  FLUOROCARBONS 

Carl  J.  Schack  and  Karl  0.  Christe 
Rocketdyne  Division  of  Rockwell  International 
Canoga  Park,  California  91304 

The  purpose  of  this  program  is  the  development  of  general  methods 
for  the  synthesis  of  energetic  f luorocarbons  and  their  conversion 
to  olefins  and  epoxides  suitable  for  the  preparation  of  polyether- 
type  energetic  binders.  Fluorocarbons  with  energetic  substituents 
offer  the  potential  advantages  of  high  energy,  high  thermal  stability 
high  density,  and  also  low  sensitivity.  This  program  is  in  its 
initial  stages. 

The  technical  approach  involves  the  synthesis  and  characterization 
of  new  transfer  agents  such  as  XeY2  and  RjSiY  [where  Y*N3,  CIO3, 
CF2N02,  and  CF(N02)2],  B(N3)3,  N3SO3F.  and  N02N3.  As  part  of  the 
characterization  of  these  novel  compounds,  their  addition  to  un¬ 
saturated  functions  and/or  displacement  of  reactive  halogens  from 
fluorocarbons  will  be  investigated  as  means  for  the  preparation  of 
new  energetic  fluorocarbons. 

Applications  of  XeF2  as  a  highly  reactive  fluorinating  agent  for 
organic  substrates  are  well  known.  Similarly,  it  was  shown  in 
our  laboratories  that  Xe(OTeF5)2  is  efficient  in  transferring  TeFgO 
groups  to  unsaturated  fluorocarbons.  Consequently,  the  proposed  , 
XeY2  transfer  agents  are  promising  reactants  for  analogous  transfers 
of  energetic  groups.  Displacement  reactions  in  fluorocarbons,  which 
involve  fluorine,  should  be  possible  by  suitable  activating  molecular 
environments  such  as  adjacent  OC,  C»0,  or  ON  functions.  Substrates 
incorporating  these  features  will  be  employed  with  formation  of  the 
favorable  byproducts  Me3SiF  and  MSO3F  serving  as  driving  forces  for 
the  reactions. 

For  energetic  binders,  the  most  desirable  type  of  polymeric  chain  is 
a  polyether  due  to  its  good  thermal  stability,  flexibility,  glass 
transition  point,  and  load  bearing  capability.  To  synthesize  these 
ethers,  energetic  f luoroolef ins  and  their  corresponding  epoxides 
will  be  prepared  in  part  using  the  new  transfer  agents  and  alternated 
by  other  known  reactions.  In  addition  td  the  strong  focus  on  azides 
and  nitro  compounds,  work  in  this  area  will  also  include  SF5O-  deriv¬ 
atives.  It  should  be  remembered  that  the  weak  S-F  bonds  make  that 
group  an  oxidizing  substituent.  Epoxidation  of  the  olefins  will 
be  conducted  with  an  emphasis  on  the  highly  successful  technique 
of  Kolenko  using  NaOCl  in  aprotic  solvents.  The  synthesis  effort 
on  the  energetic  epoxides  will  be  "capped"  by  converting  them  to 
low  molecular  weight  polymers.  These  will  be  homopolymers  in  order 
to  minimize  complications. 
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APPROACHES 


Proposed  syntheses  of  nt*  transfer  aoents 


XeF2  +  2XN3  - 
Me3SiCl  +  HRX 


$20gF 2  *  MN3 

no2bf4  ♦  mn3 


solv. 


solv 

-10° 


,Xe(N3)2  +  2XF  (X-H,Cl,Br,I,Na,Me3Sl) 
Me3SiRx  +  HC1  CRx-CF2N02,  CF(N02>2) 

n3so3f  +  m+so3f~ 

N02N3  +  M+BF4'  (M-LltNa,K) 


Use  of  transfer  agents  for  the  introduction  of  energetic  groups 

^  ^  II 

^C-CC  ♦  Xe(N3)2  — — N3-C-C-N3  +  Xe  (innocuous  byproduct) 
cf2-cfcf-cf2  ♦  xe(N3)2 — *-n3cf2cf(n3)cf-cf2  or  n3cf2cf-cfcf2n3  ♦  Xe 
Olefins  suitable  for  epoxldation  and  polymerization 
CF,N-CFo  +  Me3SiN3  ~Me3slf  rF,N.CFN,^ ’"■? '■:£  CF,N~* CF 


in 

3  I 

N  N 

Y 


CF2«CF2  ♦  I^SOjF 


Ring  formation  stabilizes  azldo  compound 
n3cf2cf2osq2f 

Fluorosulfate  is  a  reactive  functionality 


CF,CN  ♦  N-*SO-iF 


CF,CF-NN,^==*  CF,CF~N 
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APPROACHES 


Synthesis  of  energetic  monomers  and  their  polymerization 
CF2-CF2  +  MN3  so1v‘ . CF2-CFN3  +  MF  (M«Na,Me3Si> 


cf2-cfh  ♦  sf5oci 


SF50CFHCF2C1  ■■m^sF5OCF.CF2 


/°\ 

CF,2-CFY  +  NaOCl  so1^  CF2— CFY 

(Y  -  energetic  group) 


A  F- 

YCFoCF — CF, — £ - 1 

2  2  RfCFO 


R^CF 20 


fF3Y  1  f  2y 

cfcf2o - c— c\ 


<1 

n 

T* 


V. 
' . 


» 

« 
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CONTROL  OF  THE  URETHANE  CURE  REACTION  WITH 
SOLID,  BLOCKED  ISOCYANATES 

Villiaa  H.  Graham,  JB  Canterberry 
Inella  G.  Shepard,  Jerrell  V.  Blanks 

Horton  Thlokol/Huntsvllle  Division 
Huntsvills,  Alsbsas  35807 

This  program  addresses  ths  problaa  of  controlling  ths  curs  kinetics  of  the  iso¬ 
cyanate/hydroxyl  reaction  and  the  formation  of  polyurethanes.  Successful  com¬ 
pletion  of  the  program  would  provide  unprecidented  control  of  the  reaction;  the 
goal  would  bo  to  demonstrate  an  infinite  potlife  below  a  "trigger"  temperature 
and  a  rapid,  but  controllable,  cure  above  that  temperature.  More  generally,  the 
approach  addresses  the  question  of  differences  in  reactivities  of  molecules  in 
solution  and  in  the  solid  state.  Although  the  system  selected  for  study 
involves  polyurethane  cure  chemistry,  successful  demonstration  of  the  concept 
would  imply  that  other  solid  state  compounds  could  be  used  in  triggering  desired 
reactions  only  above  their  melt  temperature,  thus  providing  temperature  sensi¬ 
tive  on-off  control  of  chemical  reactions. 

The  materials  which  are  envisioned  as  providing  the  desired  potlife/cure  profile 
for  the  polyurethane  cure  reaction  are  solid,  blocked  difunctional  Isocyanates 
which  melt  at  temperatures  slightly  above  a  convenient  processing  temperature 
but  below  the  desired  cure  temperature.  As  the  temperature  is  raised  above  the 
melting  point,  the  blocked  isocyanate  melts  and  dissociates  to  a  soluble, 
difunctional  isocyanate.  If  the  insoluble,  solid  blocked  isocyanate  is  evenly 
distributed  in  a  difunctional  alcohol  prepolymer,  a  cure  reaction  will  take 
place  Just  above  the  melting  point,  but  not  below  that  temperature.  After  melt¬ 
ing  and  dissociation  of  the  blocked  isocyanate  into  the  reactive,  free  isocya¬ 
nate,  the  latter  material  must  be  soluble  in  and  diffuse  readily  and  evenly  into 
the  binder  phase  where  it  can  undergo  the  polyurethane-producing  cure  reaction. 
The  relationship  of  molecular  structure,  melting  temperature,  solubility  in 
binder,  and  particle  size  of  the  blocked  isocyanate  will  be  determined  as  it 
relates  to  polyurethane  cure  chemistry.  The  process  is  illustrated  in  Figure  1. 

The  results  obtained  using  a  carbon-filled  gumstock  of  hydroxyl  terminated  poly- 
butadiene  (HTPB)  and  the  solid  blocked  isocyanate  of  o-nitrophenol  and 
2,4-toluenedilsocyanate  (TDI)  provide  experimental  evidence  of  the  validity  of 
the  concept.  It  was  shown  that  at  77*C  (170*F)  no  cure  reaction  occurred,  while 
at  121*C  (250*F),  the  melting  point  of  the  blocked  isocyanate,  a  cure  reaction 
proceeded  smoothly  (see  Figure  2).  Infrared  evidence  for  the  unblocking 
reaction  taking  place  only  after  melting  is  also  shown.  The  icocyanate  bond  at 
ambient  and  77*C  (170*F)  reflects  the  presence  of  the  single  unblocked  isocya¬ 
nate;  the  carbamate  carbonyl  band  is  a  strong  peak,  but  this  is  greatly  reduced 
at  123*C  (253*F)  and  the  isocyanat  i  peak  is  much  stronger  as  the  blocked  isocya¬ 
nate  has  dissociated  back  to  TDI /and  o-nitrophenol. 

HTPB  was  added  to  the  blocked  isocyanate  (TDI/o-nitrophenol)  Immediately  after 
it  was  prepared  and  before  crystallization  occurred.  This  allows  one  hydroxyl 
on  HTPB  to  react  with  the  remaining  free  isocyanate  group  and  kept  the  binder 
homogeneous.  In  this  cue,  the  cure  took  place  readily  at  77*C  (170°F).  From 
these  experiments,  we  conclude  that  the  crystalline  nature  of  the  blocked  iso¬ 
cyanate  inhibits  its  dissoclationi  well  beyond  its  normal  dissociation  temper¬ 
ature  and  allows  it  to  occur  only  ai  or  near  its  melting  point. 


••  1985  ROCKET  RESEARCH  MEETING  •* 
Abstract  11  Pg  2 


Figure  1.  Control  of  the  Urethane  Cure  Reaction  With  Solid  Blocked  Isocyanates. 


HO'MMfQH 


Flgur*  2.  Polyurethane  Cure  Control  With  Blocked  Isocyanates. 
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PHYSICAL  AND  CHEMICAL  CONSEQUENCES  OF  ANT  I  AROMATICITY 
IN  THE  BORACY CLOPENTADIENE  SYSTEM 

John  J.  Eisch,  Sinpei  Kozlma  and  James  E.  Galle 
Department  of  Chemistry 

The  State  University  of  New  York  at  Binghamton 
Binghamton,  New  York  13901 

The  mode  of  chemical  bonding  between  boron  atoms  and  clusters  of  carbon 
atoms  should  have  a  fundamental  importance  in  determining  the  macroscopic 
physical  and  chemical  properties  of  the  resulting  organoboron  compounds. 

The  stability  of  the  boron-carbon  bond  is  the  basis  for  the  use  of  organo- 
boranes  as  a  route  to  superior  refractory  materials,  such  as  the  boron  car¬ 
bides.  By  contrast,  the  lability  or  chemical  reactivity  of  the  boron-carbon 
bond  in  other  organoboranes  is  the  basis  for  the  use  of  these  compounds  as 
rocket  propellants.  Because  of  the  intimate  connection  between  chemical  bond¬ 
ing  in  organoboranes  and  their  macroscopic  chemical  properties,  we  have 
sought  to  learn  how  pi-bonding  between  boron  and  carbon  centers  Influences 
the  reactivity  of  the  boron  center  towards  oxidants,  protolyzing  agents  and 
Lewis  bases. 

Our  initial  approach,  as  depicted  in  Figure  1,  has  been  to  enclose  a 
boron  and  an  array  of  carbon  atoms  in  an  unsaturated  ring.  The  cyclic  systems 
of  prime  interest  have  been  the  boracyclopropene  ring(A),  the  boracyclopenta- 
dlene  rlng(B)  and  the  boracycloheptatriene  ring(C).  Syntheses  of  these  rings  ; 
have  involved:  1)  the  photochemical  rearrangement  of  the  diphenyl (phenyleth- 
ynyl)borane-pyridine  complex  to  A;  2)  the  exchange  between  the  corresponding 
stannole  and  the  organoboron  dlhalide  for  B;  and  3)  the  thermal  reaction  be¬ 
tween  B  and  an  alkyne  for  C.  According  to  Hueckel  MG  theory,  supplemental  21- 
electron  delocalization  should  cause  A  and  C  to  be  stabilized,  while  B  should 
be  antiaromatlc  and  hence  destabilized.  As  is  suamarized  in  Figure  2,  penta- 
phenylboracyclopentadiene(D)  manifests  a  heightened  ease  of  oxidation,  pro¬ 
tolysis  and  Lewis  complexation,  compared  with  analogous  reactions  of  A  and  C. 

The  insights  into  the  synthesis  and  structural  characteristics  of  these 
boron  heterocycles,  as  gained  in  our  studies  thus  far,  will  be  brought  to  bear 
on  exploring  ways  for  the  preparation  of  boron-carbon  clusters  containing  more 
than  one  boron  atom  in  the  cluster.  From  a  structural  standpoint,  what  will  be 
of  unusual  Interest  will  be  to  determine  at  what  ratio  of  boron-to-carbon  atoms 
the  planar  structure  displayed  by  the  boron  rings  A-C  will  be  changed  for  the 
electron-deficient  structure  characteristic  of  the  carboranes.  Since  structure 
appears  to  be  the  fundamental  determinant  for  chertcal  reactivity,  the  structure 
reactivity  Insights  gained  from  these  studies  should  aid  our  predicting  which 
structural  types  should  exhibit  unusual  chemical  reactivity  in  general,  and 
oxidizability  as  a  rocket  propellant,  in  particular.  Analogously,  stabilizing 
trends  identified  by  these  studies  may  prove  of  great  use  in  choosing  the  best 
precursors  fer  the  preparation  of  modified  boron  carbides.  All  such  potential 
applications  of  organoboranes  are  rooted  in  the  same  fundamental  problem  that 
we  take  as  our  challenge:  a  thorough  understanding  of.  the  nature  and  gradations 
of  boron-carbon  chemical  bonding. 
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Figure  i:  The  Boracyclopolyenee  and  (heir  Preparative  Interrelationship 
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Figure  2:  The  Heightened  Reactivity  of  Pentaphenyiboracyclopentadiene  in  Oxidation, 
Protolysis,  Diels-Alder  Addition  and  Lewis-base  Complexation 
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High  Energy  Molecules  of  High  Symmetry 

V; 111  1st.  s.  Anderson 
Chemical  Systecis  Division 
Uni+^d  Technologies  Corporation 
San  Jose,  CA  95150-0015 

A  series  of  symmetrical,  fully  hydroxyl -substituted  organic 
materials  is  to  be  prepared  and  then  converted  to  new,  oxygen-rich,  high- 
energy  derivatives.  The  densities,  crystal  structures  and  heats  of  formation 
of  these  derivatives  will  be  determined  and  observed  values  will  be 
compared  with  p-edlctions.  The  expected  outcon*  is  a  better  understanding 
of  the  relationship  between  chemical  structure,  density,  oxidising  power 
and  heat  of  formation  in  high-energy  molecules. 

Structures  of  the  starting  materials  chosen  are  si-own  in  the 
figure  attached,  We  hope  to  be  able  to  convert  these  per(hydraxy)  carbons 
into  amine  nitrates  dr  perchlorates,  hydras ine  nitrates  or  perchlorates, 
nitre  ketals,  oximes,  nitre  compounds  or  other  oxygen-rich  derivatives. 
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Figure  1.  Some  cyclic  per (hydroxy) carbone 
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Structure-Decomposition  Relationships  in  Newer  Eoargatie  Mata rials 

Thoms  B.  Brill  aad  Toshio  Oyuml 
Dapartaant  of  Chemistry 
University  of  Delaware 
Newark,  DE  19716 


Insufficient  inform t ion  axista  to  discuss  the  relationship  between  the 
aolecnlar  •  true  tare  end  the  chemical  reactivity  of  energetic  Materials. 

Toward  ramdying  this  deficiency,  we  are  data  raining  the  aolaeular  structures 
and  dacoapositlon  mchanlsm  of  a  wide  tangs  of  new  "research- type"  nltraalnas 
and  other  energetic  m tar is la  prepared  by  our  own  synthesis  pregraa  and  froa 
efforts  at  Rockatdyne,  Morton-Thiokol,  DT/CSD,  SRI,  aad  NSVC.  The  first  of 
these  stadias  has  recently  appeared.1  X-Ray  crystallography  is  being  used  for 
quantitative  structure  da termination,  FT-IR  spectroscopy  at  high  pressure  and 
with  high  hmtlag  rates  aad  thermal  methods  are  employed  for  the  dacoapositlon 
studies,  and  solid-state  NNR  and  NQR  spectroscopy  is  used  for  analysing  the 
aolaeular  motion  as  a  function  of  tempera tore.  The  advantage  of  bringing  may 
techniques  to  bear  on  the  problem  id  that  a  multifaceted  understanding  of  the 
thermal  behavior  of  an  energetic  material  can  be  achieved.  The  results  should 
benefit  synthetic  chemists  and  propellant  researchers  by  showing  the  effects 
on  the  physical  properties  aad  product  formation  resulting  from  specific 
molecular  modifications.  Also,  a  larger  framework  for  understanding  nltraalns 
decomposition  in  relation  to  other  energetic  materials  will  result  from  this 
work. 

The  structure  and  thermolysis  mechanism  of  peataerythrltyltestraalna 
nitrate,  [€(012^3)4] <1*03)4,  PTTNt  has  been  completed  (see  accomplishment 
figure).  HNO3  appears  to  be  the  axtarnal  oxidising  agent  that  attacks  the 
otherwise  stable  cation.  A  study  of  the  structure  end  molecular  motion  of 
1,3,3,3-tetranitrohexabydropyrlaidine  (DWHC)  and  1,3,3, 5,7, 7-hexanitro-i,3- 
d la as cyclooctane,  RMDZ,  has  been  completed  and  shows  the  importance  of 
torsional  oscillations  within  the  C(N02>2  group.  In  situ  thermolysis  studies 
of  HKX,  RDX,  several  nltroaaniuas,  RNDZ  and  DNNC  have  teen  completed  as  a 
function  of  axtarnal  pressure  (0.03-1000  pel)  aad  hasting  rets  (20-210  X 
sec"’1).  The  results  from  HHX  aad  RDX  reveal  the  presence  of  HOMO  ar  an 
initial  product,  that  NO2  is  a  major  initial  product  whose  concentration 
rapidly  decreases  owing  to  secondary  reactions,  that  M0  is  a  very  minor 
initial  product  whose  concentration  rapidly  increases  in  direct  proportion  to 
the  lose  of  NO2.  The  principal  effect  of  pressure  Is  to  altar  the  rate  of 
diffusion  of  the  gaaes  aad,  in  this  way,  the  secondary  reaction  rates. 
Comparisons  of  these  results  to  those  of  nitroeaaines  sad  aliphatic  nltro 
compounds  have  been  aade. 


iT.  B.  Brill,  R.  J.  Kerpowles,  T.  M.  Heller,  A.  L.  Rheiagold,  "A  Structural 
end  Fourier  Transform  Infrared  Spectroscopy  Characterise tion  of  the  Thermal 
Decomposition  of  l-(a*idone thyl)-3, 5 ,7-trinitro-l ,3,3, 7-ta trass  cyclooctane," 
J.  Fhys.  Cham.  1984,  88,  4138. 
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Approach:  Structure  and  Decomposition  Mechanisms  cf  Energetic  Materials 


Structure  Determination 


Collimated 
X-Rav  beam 


Analysis  of  diffraction  pattern 
leads  to  the  structure  of  the 
constituent  molecules. 


Crystal  of  energetic 
material 


Thermolysis  Studies  of  Energetic  Molecule  AB 


Source  IR 

beam 


l 


B 

■  i  , 

IPetector  I 


5.ln» . > 


Source  IR  beam 

s 

* 


B' 


Solid  phase  sample 
of  molecule  AB 
heated  at  200  K 
sec-1. 


Complete  IR  spectra  for 
fragments  A  +  B  obtained 
ivediately  as  they 
appear  (<1  sec).  Some 
initial  transient  species 
can  be  observed.  Also 
the  sequence  of  product 
formation  is  evident. 


Spectra  monitored  for 
several  seconds  while 
A  and  B  rearrange  and 
react  to  produce  A' 
and  B'.  Permits  a 
description  of  the  time- 
dependence  of  the  gas 
phase  products. 


Oblectlve:  Correlate  the  structural  details  with  the  products  of  thermolysis 
to  obtain  the  thermolysis  mechanism. 
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An  Accomplishment :  The  Thermolysis  Mechanism  of  PTTN 


Molecular  structure  determinatio 
shows  that  strong  N-H* • *0 
hydrogen  bonding  exists  between 
the  cation  and  the  NO 3”  anion 
and  is  responsible  for  lattice 
cohesion.  PTTN  exhibits  no 
phase  transitions  up  to  its 
decomposition  point. 


Decomposition  Studies 

Time-sequence  infrared  spectra  show  the  following  thermolysis  mechanism  of 
PTTN  at  a  heating  rate  of  50  K  sec-*: 

Initial  Step  (N-H  bond  rupture) 

-NH,+  .  .  +  NO,”,  .  — ►  -NH,,  .  +  HNO,  (adsorbed  and  desorbed) 

3  (s)  3  (sj  Z(sJ  3 

(transient) 


Another  Early  Step 

(a)  Atmospheric  pressure  (C-N  bond  rupture) 


-ch2-nh3  (a) 


”^H2+(s)  * 


*3(g) 


(b)  >200  psig  (C-N  bond  retention) 

Later  Reactions  (>3  sec) 


HNO,  oxidation  of  residue 


C°2(g)  +  H2°(g) 


+  NO 


*(g) 


Conclusion:  PTTN  decomposes  by  the  production  of  HNO3  which  then  acts  as  a 
reactant  attacking  the  otherwise  stable  cation  of  PTTN.  The  oxidation 
of  the  cation  occurs  from  the  exterior  inward. 
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Deuterium  Isotope  Effects  in 
RDX  Decomposition  and  Combustion  Processes 

Scott  A  Shackelford,  Stephen  L.  Rodgers,  Michael  B.  Coolidge 
AF  Rocket  Propulsion  Laboratory  (AFSC> 

Edwards  AFB  CA  93523 

Robert  E.  Askins 

Horton  Thiokol,  Inc./Huntsville  Division 
Huntsvi  l  le  AL  35807 

The  mechanisms  of  the  decomposition  and  combustion  processes  of 
nitramines  have  been  the  subject  of  numerous  research  efforts  because  of 
their  application  as  oxidizers  in  propellants  and  explosives.  The 
understanding  of  these  mechanisms  and  in  particular  the  overall  rate 
determining  step,  would  aid  in  attempts  to  tailor  the  burn  rates  of 
nitramine  propel  lants.  In  an  attempt  to  elucidate  this  slowest  step,  the 
deuterium  isotope  effect  has  been  used  in  the  investigation  of  the  mechanisms 
of  thermal  decomposition  and  combustion  of  RDX. 

The  deuterium  isotope  effect  is  increasingly  being  used  in  the 
investigation  of  energetic  materials  because  it  provides  a  way  to  sort  out 
the  overall  rate  determining  step  from  amongst  the  many  parallel  chemical  and 
physical  processes  occurring  during  a  decomposition  or  combustion  event. 
Since  the  isotope  effect  is  only  seen  when  the  rate  determining  step  of  the 
mechanism  involves  the  isotopically  labeled  substituent  it  provides  an  unique 
method  of  determining  what  part  of  the  molecule  is  involved  in  the  reactions 
controlling  the  rate  of  the  overall  decomposition  or  combustion  process. 
The  investigation  of  HMX  thermal  decomposition  and  combustion  processes  using 
♦re  deuterium  isotope  effect  has  been  reported  earlier.  This  report  concerns 
the  continuation  of  that  work  with  RDX. 

The  thermal  decomposition  of  RDX  was  examined  using  isothermal 
differential  scanning  calorimeter/  at  a  temperature  range  of  505K-510K.  At 
this  temperature  range  RDX  obeys  first  order  kinetics  and  shows  a  primary 
deuterium  isotope  effect  (2.1  at  505X  and  1.7  at  510K).  This  isotope  effect 
would  suggest  that  the  rate  limiting  step  in  the  decomposition  of  RDX  is  C-H 
bond  rupture.  Under  the  experimental  conditions  employed,  the  thermal 
decomposition  occurs  solely  in  the  liquid  phase  with  RDX.  By  the  time  the 
DSC  has  equilibrated,  the  decomposition  has  already  started  and  the  DSC 
trace  is  seen  as  a  slow  decay.  No  induction  phase  can  be  seen  with  RDX. 

The  combustion  experiments  were  performed  in  a  window  bomb  with  the  burn 
rates  measured  by  high  speed  photography.  If  the  assumption  is  made  that  the 
burn  rate  data  is  directly  proportional  to  the  kinetic  rate  constants  and 
that  all  the  other  factors  influencing  burn  rate  remain  the  sane  for  both  the* 
deuterated  and  hydrogenated  materials  then  an  isotope  effect  can  be  derived 
from  a  ratio  of  the  RDX  burn  rate  to  RDX-d6  burn  rate.  The  isotope  effects 
thus  obtained  are  1.46  at  1000  psi  and  1.37  at  500  psi.  At  the  high 
temperature  limit  an  isotope  effect  of  1.35  or  greater  can  be  considered  to 
be  a  primary  effect.  So  it  may  be  seen  that  the  isotope  effect  observed  in 
the  RDX  combustion  is  a  primary  isotope  effect  which  would  mean  that  the 
overall  rate  controlling  step  of  RDX  combustion  involves  the  rupture  of  the 
carbon-hydrogen  bond. 

The  deuterium  isotope  effect  has  been  used  to  examine  both  the  slow 
decomposition  and  fast  combustion  processes  of  RDX.  In  both  cases  it  has 
been  seen  that  a  primary  deuterium  isotope  effect  has  been  observed 
indicating  that  carbon-hydrogen  bond  rupture  is  the  overall  rate  controlling 
step  in  e»ch  process. 


RESULTS 
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FLAME  MECHANISMS  AND  FLAME  INHIBITION 


J.D.  EVERSOLE 

OHIVEKSITY  OF  DAYTON  RESEARCH  INSTITUTE,  AFRPL 

D.P.  HEAVER 

AIR  FORCE  ROCKET  PROPULSION  LABORATORY 
EDVARDS  AFB ,  CALIFORNIA  93523 

This  project  Is  concerned  with  the  definition  end 
understanding  of  detailed  cheelcal  aechanisas  in  flaaes.  Of 
,  special  Interest  are  gas-phase  aechanisas  responsible  for,  or 
contributing  to,  the  suppression  of  afterburning  in  rocket 
pluses.  An  effort  has  been  aade  to  approach  the  problea  of 
determining  flaae  ehealstry  with  a  balance  between  experimental 
data  collection  and  theoretical  flaae  aodelllng.  The  over-all 
concept  has  been  kept  slaple  to  gain  as  auch  specificity  in  the 
results  as  possible.  Data  froa  a  laainar,  prealzed  flat-flaae 
burner  is  aodelled  using  a  detailed  reaction,  one-diaenslonal 
laainar  flaae  eoaputer  prograa.  Experimental  data  is  obtained 
primarily  by  non-lntruslve ,  optical  diagnostic  techniques.  Most 
of  the  uniqueness  of  this  approach  lies  in  the  integration  of 
many  separate  aspects  of  the  general  problea. 

A  versatile  burner  facility  has  been  constructed  which 
incorporates  aotorlsed,  three-dlaenslonal  burner  positioning  and 
sub-ataospherlc  flaae  operation.  The  burner  chamber  is  connected 
to  a  large  capacity  vacuua  puap  external  to  the  laboratory  via  a 
10  ca  dlaa.  stainless  steel  line  and  a  flexible  welded  bellows 
which  allows  the  chamber  up  to  16  ca  of  vertical  travel.  The 
burner  can  be  easily  dlsseablad  for  aodiflcatioa  of  the  burner  , 
surface  or  dlaaeter.  Hydrogen/ozygen,  aethane/ozygen,  and 
aethane/nltrous  ozida  flaaes  have  been  run  with  different  aaounts 
of  dilution  with  nitrogen.  Optical  diagnostics  for  the  flaae 
prlaarlly  consists  of  laser  Induced  fluorescence  (LIF)  for  OH 
species  concentrations,  and  vibrational  Raaan  scattering  which 
provides  teaperature  and  soae  major  species  concentration  data. 

An  effort  has  been  aade  to  obtain  these  two  types  of  data 
simultaneously  with  the  saae  UV , laser  puap  beaa. 

Axial  profiles  of  teaperature  and  concentrations  through  the 
flaae  zone  are  then  compared  to  theoretical  calculations 
generated  by  computer  for  the  saae  initial  conditions.  For  the 
flaae  inhibition  work,  the  "unknown"  is  the  cheaical  aeehanlaa 
for  the  suppressant  species.  Different  hypothetical  reaction 
seheaes  can  be  either  eliminated  or  distinguished  by  eoaparlson 
of  the  coaputed  profiles  to  the  experimental  data  over  a  wide 
range  of  initial  conditions.  Most  of  the  effort  so  far  has  been 
conueeted  with  hydrogen  broalde  Inhibitor  in  B2/02  flaaes.  Of 
primary  Interest  is  the  use  of  potasslua  as  an  inhibitor,  and 
efforts  have  been  aade  to  construct  a  burner  arrageaent  to 
Introduce  the  potasslua  directly  as  an  atoale  vapor. 
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FIGURE  1.  The  experimental  arrangement 
of  the  flat  flame  burner  with  the 
suppressant  injector  and  laser  diagnos¬ 
tics  Is  schematically  Illustrated. 
Spatial  maps  (primarily  z-axis)  of 
temperature  and  species  concentration 
are  obtained  froai  optical  diagnostic 
data  (Raman  scattering*  L1F,  and  atomic 
absorption)  by  translating  the  burner. 
Representative  spectra  (l^vlbratlonal 
Raman)  taken  at  different^ axial  loca¬ 
tions  in  the  flame  are  illustrated  at 
the  top  of  the  figure.  Reduced  data 
(in  this  case  temperature)  will  then 
be  compared  to  calculated  flame  profiles 
using  a  detailed  chemistry,  one-dimen¬ 
sional  flame  model, (solid  line  of 
graph) . 
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POSSIBLE  REACTIONS 


1.  K  +  02  +  M 

2.  K02  +  OH 

3.  KOH  +  OH 

4.  K  +  OH  +  M 

5.  K  +  HjO 

6.  K>2  +  H 

7.  K  +  OH 


K>2  4-  M 

koh  +  o2 

H20  +  KO 
KOH  +  M 
KOH  +  H 
KO  +  OH 
KO  +  H 


FIGURE  2.  Fiaae  inhibition  (suppression)  is  Indicated  by  ths  reduction  of  the 
laalnar  flaaw  speed,  and  by  the  expansion  of  the  fiaae  zone  as  shown  in  the 
top  graph  of  fiaae  species  concentration  profiles  calculated  with  and  without 
the  addition  of  7Z  potaaelua.  The  detailed  comparison  of  such  profiles  as  a 
function  of  equivalence  ratio,  total  pressure,  and  dilution  (temperature)  can 
reveal  which  reaction  pathways  becoae  doalnant  under  different  conditions 
thereby  defining  the  ehealcal  mechanisms. 
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THE  SUPPRESSION  OF  AFTERBURNING  IN  SOLID  ROCKET  PLUMES 

BY  POTASSIUM  SALTS 

EUGENE  MILLER 

MACK AY  SCHOOL  OF  MINES,  CHEM  S<  MET  ENG’ G  DEPT. 

UNIVERSITY  OF  NEVADA,  RENO,  NV  S9557 

The  Service*  have  increasingly  emphasized  the  development  and 
use  of  low  signature  tactical  solid  rocket  motors.  Visible  primary 
and  secondary  smoke  have  been  largely  eliminated  by  the  removal  of 
ammonium  perchlorate  oxidizer  and  most  of  the  aluminum  powder  and 
ballistic  modifiers  from  the  propellant  formulation  -  the  so  called 
min-smoke  propellants.  The  exhaust  gases  from  min— smoke  propellants 
however  contain  significant  concentrations  of  hydrogen  and  carbon 
monoxide  which  when  mixed  with  ambient  air  afterourn  to  water  and 
carbon  dioxide  producing  visible  flash  and  increased  infrared 
radiation.  This  research  is  directed  towrd  preventing  or  at  least 
inhibiting  the  signatures  due  to  af terburning. 

Potassium  salts  inhibit  the  reactions  of  hydrogen  and  carbon 
monoxide.  KN03  and  KaSCU  have  been  added  to  propellant  charges  at  a 
level  of  1  -  3  wt  pet  to  suppress  gun  muzzle  flash  and  rocket  plume 
af terburning.  The  mechanism  by  which  the  potassium  salts  inhibit  is 
controversial ,  but  it  probably  involves  K,  KOH  and  possibly  K03 
breaking  the  chain  reactions  involving  H  and  DH  radicals  in  the 
combustion  of  H-»  and  CO. 

The  effects  of  K,  KOH  and  K0a  on  the  afterburning  reactions  are 
being  studied  by  introducing  them  individually  into  an  opposed  jet 
flat  diffusion  flame  of  Ha-CO-Q*-N»  and  scanning  the  flame  in  small 
increments  by  infrared  spectroscopy.  A  vapori zer~burner  has  been 
built  permitting  the  vaporization  of  potassium  and  its  salts  prior 
to  entering  the  the  flame.  The  emission  spectra  from  the  flame  is 
detected  by, means  of  a  modified  absorption  spectrophotometer  and  an 
optical  scanning  system.  It  has  been  found  th*t  elemental  potassium 
reduces  the  infrared  radiation  for  rich  and  lean  hydrogen  flames  but 
has  a  smaller  effect  on  stoichiometric  mixtures.  KOH  in  a  hydrogen 
flame  inhibits  the  preflame  reactions  but  actually  increases  the 
infrared  radiation  at  levels  below  that  required  to  prevent 
combustion  totally.  K  therefore  appears  to  be  a  more  effective 
inhibitor  than  KOH  as  used  in  these  experiments  settling  perhaps  the 
disagreement  that  has  arisen  in  the  literature  concerning  the 
efficacy  of  inhibition  by  potassium  in  hydrogen  flames.  CO  w.  not 
used  in  these  experiments  because  reaction  between  M*  CC 

produced  carbon  in  the  salt  vaporizer.  The  formation  at  , drbon 
probably  also  occurs  in  the  rocket  plume  increasing  the  infrared 
signature. 


SMOKF  SOLID  ROCKET  PLUME  AFTERBURNING : 
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EFFECT  OF  K  ON  AFTERBURNING 
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CHEMICAL  KINETICS  OF  NITRAMINE  PROPELLANT  COMBUSTION 


Melvyn  C.  Branch 

Mechanical  Engineering  Department 
University  of  Colorado 
Boulder,  CO  80309 


The  objective  of  the  studies  reported  here  Is  to  provide  Insight  Into  the 
chemistry  of  reactions  of  gas  phase  species  of  Importance  In  the  combustion  of 
nltramlne  propellants.  Flame  studies  and  associated  chemical  kinetic  modeling  of 
the  gas  reactions  are  being  used  to  evaluate  critical  reaction  paths  and  ener¬ 
getics  and  their  Influence  on  bum  rate.  The  calculations  thus  far  have 
Identified  a  mechanism  for  the  rapid  reaction  between  CH2O  and  NO?  in  the  "fizz" 
zone  at  the  propellant  surface.  A  slower  reaction  was  suggested  for  the  "pre¬ 
paration"  and  "flame"  zones  standing  off  the  surface  which  was  supported  by  the 
exothermic  reduction  of  NO.  Both  of  these  results  provide  a  chemical  kinetic 
mechanism  to  explain  previous  qualitative  suggestions  about  the  nature  of  the 
gas  reactions  of  nltrealnes.  The  calculations  also  Indicate  that  gas  reactions 
may  affect  the  reported  product  distributions  In  studies  of  nltramlnes.  Finally, 
a  mechanism  for  the  modification  of  the  reaction  rate  by  NH3  donors  was  out¬ 
lined. 

There  are  currently  very  limited  experimental  data  available  for  detailed 
comparison  to  the  results  of  the  chemical  kinetic  modeling.  He  have  begun  low 
pressure  flame  studies  of  CH2O/NO2/N9O  mixtures  In  order  to  Identify  reactant. 
Intermediate  and  product  species  profiles  for  comparison  to  a  kinetic  model  of 
the  flame.  Addition  of  NH3  to  the  flame  gases  will  also  Indicate  the  fea¬ 
sibility  of  burn  rate  control  by  NH2  donors.  The  flame  species  composition 
measurements  are  by  probe  sampling  and  gas  chromatography  for  stable  species  and 
by  laser  absorption  and  laser  Induced  fluorescence  for  unstable  species. 

Recent  evidence  also  suggests  that  the  reaction  between  HCN  and  NO?  may  be  of 
major  Importance  In  nltramlne  combustion.  As  a  step  In  evaluation  of  this 
process,  we  have  Investigated  the  kinetic  mechanism  for  conversion  of  HCN  to  NO 
and  N2  In  low  pressure  H2/O2  flames  doped  with  HCN.  The  experimental  results 
showed  good  agreement  to  complete  flame  structure  calculations  based  on  a  reaction 
mechanism  developed  almost  solely  from  direct  measurements  of  rate  coefficients 
reported  In  the  literature. 


Research  supported  by  the  Air  Force  Office  of  Scientific  Research  under  Grant 
AF0SR-84-0006. 
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Combustion  of  Hydrogen  end  Hydrocarbons  in  Fluorine 
Myron  Kaufman 

Chemistry  Department,  Emory  University 
Atlanta,  GA  30322 


Because  of  the  extreme  exot hemic ity  of  many  fluorine  reactions,  fluorine 
and  fluorine-containing  molecules  have  often  been  proposed  and  occasionally 
employed  as  oxidizers  in  high-performance  developmental  propulsion  systems. 
Mechanls t lcally ,  however,  fluorine-supported  combustion  is  not  as  well  under¬ 
stood  as  oxygen-supported  combustion.  In  fact,  due  to  hard-to— remove  O. 
impurity  in  commercial  F,,  it  la  often  difficult  to  even  identify  unique 
aspects  of  fluorine  combustion.  Some  phenomena  observed  in  both  oxygen  and 
fluorine  combustion  are  listed  in  Figure  1,  along  with  their  generally  accepted 
mechanisms  in  0.  flames  and  some  conjectures  as  to  their  possible  mechanism 
in  F_  flames.  In  the  current  work.  Ionisation  and  luminescence  in  the  com¬ 
bustion  of  H,  and  hydrocarbons  with  F-  will  be  investigated,  and  special 
precautions  will  be  taken  to  study  these  phenomena  in  the  absence  of  0,  impur¬ 
ity.  In  addition,  rate  constants  and  branching  ratios  of  several  reactions 
key  to  understanding  fluorine  combustion  will  be  measured.  These  Include 
p  +  HO,,  important  for  understanding  0,-retardation  of  fluorine  combustion  and 
F  +  CFIH,  a  prototype  for  assessing  the  prominence  of  atom  displacement  reac¬ 
tions  in  F,-hydrocarbon  combustion.  Both  optical  and  mass  spectrometry  rill 
be  employes  in  these  kinetics  studies.  Our  mass  spectrometer  la  a  unique 
lnstrwent,  employing  an  inhomogeneous  magnetic  field  to  direct  only  paramag¬ 
netic  components  of  the  sampled  molecular  beam  into  the  ioniser,  thus  allowing 
atoms  and  free  radicals  to  be  monitored  with  little  interference  from  stable 
molecules. 


In  this  program  we  will  study  both  atonic  and  molecular  flames.  Low-pressure 
premised  F,  flames  are  studied  in  a  stainless-steel  burner  assembly  equipped  with 
Cap,  windows  to  spectroscopically  monitor  lusineseence  and  Movable  Langmuir  probes 
to  measure  the  special  variation  of  ionisation.  For  most  of  our  studies,  the 
premised  flames  will  be  diluted  with  He  or  Ar.  However,  when  undiluted  flames 
are  burned  in  this  apparatus,  wo  have  observed  the  interesting  behavior  illus¬ 
trated  in  Figure  2  for  the  F,-CH.  flame.  Over  a  range  of  relative  concentrations, 
including  stoichiometric  mixtures,  this  flame  burns  as  short  pulses  of  duration 
ca.  1  msec  and  frequencies  of  1  to  10  Hz.  This  behavior  is  explained  as  due  to 
flashback  resulting  from  the  high  burning  velocity  of  these  f 

spontaneous  reignition  when  the  hypergollc  mixture  is  replenished  to  its  ignition 
limit. 
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ANALYSIS  OF  HETEROGENEOUS  DIFFUSION  FLAME  STABIUZATION 


<V  tli  "? 


w  w< 


5  “-r*  fit SrjfcfcCi Strahle  and  Gechiel  I.  Jagoda  / 

1  ^  **fc  ^.4'<  rr  u?  v  •  *>?*. 

^  ^eorg^lnsSl^te  olTechnology/School  of  Aerospace  Engineering 
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n'/jThe  abtttfYjvcaicQlate  complex  turbulent  reacting  flows  is  in  a  state 
of  deVelopmfent;:>  TW'  flaw  investigated  here  presents,*  unique  challenge  to 
thd  ^*&e-of-the«art.  The  flow  is  a  fully,  turbulent  two-dimensional  flow  over 
a  backward  facing  step  with  wall-blowing  of  a  combustible  from  the  floor 
behtjvi  the  step.  It  if  a  model  for  thrj  flowfield  in  the  flame  stabilization' 
regionef  ,a  solid,  fueled  ramjet.  The  analytical  approach  has  been  with  a  k-c 
method  gradually  facing  improved  an4  modified  as  one  progresses  through 
various  stages  of  complexity  -  from  no-blowing  cold,  flow  to  foreign  gas 
injection  In  cold  flow  and  then  to  the  full  combustion  case.  A  parallel 
experimental  program  either  validates  the  analysis  or  suggests 
modifications..  v 

[  j-f,.  5  (>*v  • 

.  V’  Figure- shows  some  typical  technical  issues  on  the  overall  program 
and  irwdpdes  some  of  the  analytical  issues.  Excellent  agreement  (with  one> 
modification  of  standard  analysis)  has  been  found  between  the  theory  And 
experiment  fer  the  cold-flow,  non  bleed  case.  Current  concern  conceptually, 
howevgr,wid*  standard  methods  of  applying  boundary  condi tiofUj-are  leading 
to  flirflp^ihodif ications.  • 

.  •  •  *’  .  ***^  *  ,ijr' 

I'j,  J 

•‘Figure  2  shows  calculated  streamline  pUtfs-Snd  CO,  mass  fraction 
profiles  for  the  case  of  cold  CO,  bleed*  A.«econdary  recirculation  zone  has 
been  predicted  and  alsoc  found  Experimentally;  The  concern  is,  insofar  as 
flame  stabilization  is  concerned/  the  severe  dimunition  of  massive 
recirculation  as  blowing  ihcreaaes.This  Is  also  revealed  in  the  CO,  profiles 
where  a  flat  recirculation- .  dominant  profile  gives,  way  to  a  diffusion 
dominated  profile  a*  blowiing  increases.  Detailed  checks  on  velocity  ciata 
show  good  agreement  with  the  analysis.  Comparison  with  mas9.||!a«£$7l&ta  > 
await  further  experimentation.  .  .  ’j  V  ? 

„  '  S  *?."•  * 

.  , »  .  ,  !*v-  .r 
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Figure  2,  The  effect  on  atreaallnae  end  injectent  concentration 
of  blowing  at  the  wall. 
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EXPERIMENTAL  INVESTIGATION  OF  HETEROGENEOUS  FLAME  STABILIZATION 

Jechiel  I.  Jagoda  and  Warren  C.  Strahle 

School  of  Aerospace  Engineering 
Georgia  Institute  of  Technology 
Atlanta,  GA  30332 

Solid  fueled  ramjets  (SFRJ),  as  other  ramjet  types,  require  flame  anchoring  at  the 
head  of  the  combustion  region.  This  is  frequently  provided  by  a  recirculation  zone  behind  a 
backward  facing  step  as  shown  in  Fig.  1.  Flame  stabilization  can  only  be  achieved  in 
regions  of  relatively  low  flow  velocities  (such  that  the  flow  velocity  does  not  exceed  the 
burning  velocity)  and  high  turbulence  and  thus  high  Reynolds  stresses  resulting  in  mixing 
of  the  main  and  bleed  flow  (such  that  the  local  fuel  air  mixtures  lie  within  the  limits  of 
flammability).  In  this  project  the  SFR3  is  simulated  by  a  flow  over  a  backward  facing  step 
with  a  secondary  flow  entering  the  recirculation  region  through  a  porous  floor.  The  flow 
properties  are  determined  using  a  2-component  LDV  system.  Bleed  gas  concentrations  are 
measured,  simultaneously,  using  Rayleigh  scattering  for  the  cold  flow  and  spontaneous 
Raman  for  concentration  and  temperature  measurements  in  flows  with  combustion. 
Although  simultaneous  LDV-Rayleigh  or  Raman  measurements  are  currently  being  carried 
out  for  the  simpler  configuration  of  jet  like  flames,  this  is  the  first  time  the  combined 
techniques  are  applied  to  the  more  complex  and  practical  problems  of  flame  stabilization 
behind  a  backward  facing  step. 

The  experiment  efforts  are  divided  into  three  steps: 

(1)  LDV  measurements  in  the  main  flow  over  the  step  without  bleed, 

(2)  LDV  and  concentration  measurements  for  cold  main  plus  bleed  flows  and 

(3)  LDV,  concentration  and  temperature  measurements  in  flows  with  combustion. 

To  date  velocity  measurements  have  been  completed  in  cold  flows  with  no  bleed  and  two 
bleed  gas  velocities.  Rayleigh  measurements  in  the  cold  flow  are  underway. 

The  experimental  results  Indicate  that  the  bleed  flow  has  a  limited  effect  on  the 
flow  profiles  except  very  dose  to  the  step  where  a  secondary  recirculation  zone  appears 
with  blowing  (Fig.  2).  In  the  recirculation  zone,  the  locations  of  maximum  normal  stresses 
in  both  the  u  and  v  directions  are  moved  slightly  away  from  the  porous  wall  by  the  bleed 
flow,  as  are  those  of  maximum  shear  stress.  In  regions  of  lower  shear  stress  blowing  has 
the  effect  of  slightly  increasing  the  measured  shear  stresses.  The  length  of  the 
recirculation  zone,  however,  is  only  slightly  shortened  by  the  bleed  flow,  if  at  all.  All 
measurements  agree  reasonably  well  with  the  analytical  results  reported  separately. 


///  REGION  OF  LOW  FLOW  VELOCITY  (LOV) 

\\\  REGION  OF  HIGH  REYNOLOS  STRESS  (LOV) 
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Mon  icriMd.it  velocity  profiles 
through  the  recirculation  region 
for  three  bleed  conditions. 
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downstream  locations  near  the  step  with 
bleed  flow  Indicating  the  existence  of  a 
secondary  recirculation  cone  near  the  step. 


Maxima  shear  stress  distributions  in 
the  downstream  direction  for  three  bleed 
conditions. 
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Fig.  2.  Typical  Results 
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HIGH  PRESSURE  SOLID  PROPELLANT  COMBUSTION  ZONE  STRUCTURE  FROM 
ANALYSIS  OF  HYDROXYL  RADICAL  CHEMILUMINESCENCE 

David  H.  Campbell,  Susan  Hulsizer, 

Tim  Edwards  and  David  P.  Weaver 
University  of  Dayton  Research  Institute  and  AFRPL 
Edwards  AFB,  CA  93523 

The  goal  of  this  program  is  to  utilize  non-intrusive  optical 
combustion  diagnostic  techniques  to  examine  the  important  chemical 
processes  in  solid  propellant  combustion.  To  simulate  the  tempera¬ 
tures,  pressures,  and  high  heating  rates  encountered  in  the  combus¬ 
tion  environment  of  solid  rocket  propellants  as  closely  as  possible, 
optical  diagnostic  measurements  are  made  by  burning  strands  of 
propellant  in  a  nitrogen-purged  combustion  bomb  equipped  with 
sapphire  windows  for  optical  access.  A  servo-positioning  system 
keeps  the  burning  surface  of  the  propellant  at  a  constant  height 
relative  to  the  optical  system,  and  provides  spatially  precise 
measurements  with  respect  to  the  surface.  The  system,  is  capable  of 
operating  at  pressures  up  to  1090  RSI. 

The  results  presented  in  this  paper  concern  the  analysis  of  the 
natural  chemiluminescence  originating  from  the  hydroxyl  (OH)  radical 
in  the  flame  above  burning  ammonium  perchlorate  (AP)  composite 
propellant.  An  attempt  has  been  made  to  analyze  quantitatively  the 
semi-resolved  (-.13  nm)  OH  emission  spectra  in  the  304.0  to  316.0  nm 
spectral  range  to  obtain  a  measure  of  the  rotational  temperature  and 
vibrational  population  distribution  of  this  molecule.  At  present, 
the  chemical  kinetic  data  base  is  insufficient  to  relate  the  final 
internal  energy  state  distribution  of  OH  to  the  specific  reaction 
pathways  which  produce  this  molecule  in  specific  rotational- 
Vibrational  states.  Nonetheless,  information  about  the  overall  flame 
zone  structure  and  reaction  processes  can  be  deduced  from  the 
results. 

The  issue  of  flame  height  and  reaction  zones  is  important  to 
the  solid  propellant  combustion  modeler  because  the  location  of 
these  zones  is  an  indication  of  the  chemistry  (and  thus,  the  heat 
release)  that  is  occuring  above  the  propellant  surface.  Recent 
models  for  AP  composite  propellant  combustion  generally  model  the 
reactions  in  the  primary  (oxidizer  and  binder)  diffusion  flame  and 
in  the  monopropellant  flames  as  occurring  within  a  distance  of 
perhaps  50>tm  from  the  propellant  surface,  and  model  any  final  flame 
(CO  oxidation  or  NO  reduction)  as  occurring  within  approximately 
100-500  m  of  the  surface  at  the  elevated  pressures  within  the 
normal  rocket  operating  regime. 

Basically,  the  data  reduction  technique  consists  of  an  itera¬ 
tive  scheme  to  match  the  experimental  spectra  to  synthetically 
generated  spectra  using  rotational  temperature  and  vibrational  popu¬ 
lation  distribution  in  the  OH  upper  electronic  state  as  variables. 
A  sample  match  is  shown  in  Figure  1.  Emission  spectra  were  obtained 
for  a  series  of  pressures  and  distances  above  the  surface  of  an  AP 
based  composite  propellant.  The  rotational  temperatures  determined 
from  these  spectza  aze  shown  in  Figure  2.  If  the  highly  exothermic 
CH  +  02  -♦  CO  +  OH*  reaction  is  the  primary  source  of  excited  OH 

molecules,  then  the  results  show  that  primary  reaction  zone 
chemistry  occurs  at  distances  much  greater  than  would  be  expected 
from  current  solid  propellant  combustion  models. 
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Figure  2s  AP  propellant  OH  ealaalon  analyaia  reaulta  -  rotational 
teaperature  variation  (v'»0). 
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Evaluation  of  HMX  Propellant  Cheaistry  Proa  Kaaan  and  Laser 
Induced  Fluorescence  Species  and  Teaperature  Measurements 


David  P.  Heaver  and  Tla  Edvards 
Air  Force  Rocket  Propulsion  Laboratory 
Edvards  AFB ,  California  93523-5000 
Susan  Hulsizer  and  David  Caapbell 
University  of  Dayton  Research  Institute 
Edvards  AFB,  California  93523-5000 


The  ability  to  accurately  anticipate  the  behavior  of  burning 
solid  rocket  aotor  propellants  is  highly  dependent  on  specific 
knovledge  of  the  kinetic  aechanisas  and  heat  transfer  properties 
of  the  reacting  species  near  the  surface  of  the  burning 
propellant.  Hith  the  developenent  of  aedern  laser  diagnostic 
techniques,  the  possibility  of  determining  spatially  specific 
species  concentrations  and  temperatures  related  to  the  distance 
(e.g.  the  reaction  tlae)  frov  (hi  burning  propellant  surface  has 
eaerged.  The  goal  of  the  present  is  to  gather  such  experimental 
inforaetlon  and  to  construct  froa  it  kinetic  pathvays  in  a 
laboratory  propellant  flaae  and  to  correlate  their  dependence  on 
propellant  coaposltlon.  Such  specific  chealcal  inforaatlon  could 
then  be  related  to  knovn  aacroseople  properties  of  the  solid 
propellant  such  as  burning  rate. 

A  schematic  representation  of  the  experimental  arrangeaant 
for  this,  measurement  is  given  in  Figure  1.  Hare  the  source 
radiation  is  Injected  into  the  propellant  sample  chamber  and  the 
resulting  scattered  radiation  collected  and  focused  onto  the 
entrance  slit  of  a  dispersive  spectroscopic  element.  A  variety  of 
optical  techniques  for  obtaining  species  nuaber  density  and 
teaperature  are  employed  including  spontaneous  Rsaan  scattering, 
coherent  anti-Stokes  Essen  scatterlng(CARS) ,  laser-induced 
fluorescence(LIF)  end  Rayleigh  scattering.  Major  species  such  as 
H2,  02,  HO,  H02 ,  H2,  CO,  and  C02  are  monitored  vith  Raman  and 

Rayleigh  techniques  and  combustion  intermediates  and  flaae 
radicals  such  as  OH,  CH,  CH,  and  HH  are  determined  using  Raaen 
scattering. 

Initial  efforts  ate  being  directed  tovsrd  acquired 
teaperature  and  concentration  profiles  through  the  flaae  zones 
seer  the  surface  of  the  burning  solid  propellant.  Both  lov  and 
high  pressure  studies  on  propellant  flames  are  underway  in  an 
effort  to  identify  reactant,  intermediate,  and  product  species 
values  end  to  compare  these  results  vith  slaple  kinetic  models  of 
knovn  hydrocarbon  reactions.  Corrslstion  of  this  dots  vith 
propellant  compositional  variation  will  allow  an  overall 
quantitative  assessaent  of  the  role  of  specific  gas-phase 
kinetics  in  solid  propellant  eoabustlon. 


SCATTERING  STUDIES  OF  SOLID 


RELATIVE  INTENSITY 


FIGURE  2.  TYPICAL  IASER-INXJCED  RJJOFESCENCE  SPECTRA  OF  OH 
FOR  EACH  OF  FIVE  DIFFEfcNT  EXICATION  TRANSITIONS.  THE  SPECTRA 
SHOW  UNDERPOPULATION  OF  ALL  STATES  OTHER  THAW  THAT  BEING 
PUMPED  BY  THE  LASER  SOURCE 
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APPLICATION  OP  MOLECULAR  KINETICS  MODELS  TO  THE  PREDICTION 

OF  BACKFLOW  CONTAMINATION 

David  H.  Campbell  and  David  P.  Weaver 
Univ.  of  Dayton  Research  Institute  and  AFRPL 
Edwards  AFB,  CA  93523 

The  goal  of  this  research  project  is  to  obtain  a  fundamental 
understanding  of  the  basic  physical  mechanisms  producing  the 
unanticipated  high  level  of  backflow  contamination  observed  upstream 
of  the  nozzle  exit  plane  of  spacecraft  rocket  nozzles  and  control 
thrusters.  Information  on  the  internal  energy  state  population 
distributions,  gas  species  number  densities,  flow  velocities,  and 
degree  of  condensation  near  the  exit  plane  of  a  nozzle  will  provide 
the  basis  for  more  accurate  modeling  of  the  expansion  flow  inside 
the  nozzle  and  around  the  nozzle  lip.  ,  Such  information  is  critical 
to  the  accurate  prediction  of  contamination  levels  of  sensitive 
spacecraft  surfaces. 

At  present  no  vacuum  expansion  flow  model  exists  that  accurate¬ 
ly  predicts  observed  backflow  mass  flux  levels  since  these  models 
fail  to  account  for  some  of  the  important  physical  mechanisms  which 
occur  in  the  flow,  such  as  non-equilibrium  gas  dynamics  and  conden¬ 
sation.  Monte-Carlo  models  for  vacuum  plume  flows,  for  example, 
have  been  shown  to  miss  experimentally  measured  backflow  mass  flux 
levels  by  an  order  of  magnitude  or  more  (Figure  1) .  Clearly,  a  more 
accurate  collisional  model  must  be  determined  before  the  models  will 
be  useful  for  the  prediction  of  backflow  contamination. 

Vibrational  and  rotational  internal  energy  state  populations, 
translational  mode  temperature,  gas  species  number  densities,  and 
condensed  species  densities  are  being  acquired  in  laboratory  scale 
vacuum  expansion  flows  for  diatomic  and  triatomic  gas  species  using 
non-intrusi ve  laser  spectroscopic  techniques.  A  map  of  these  para¬ 
meters  near  the  nozzle  lip  will  be  used  to  correlate  the  degree  of 
non-equilibrium  and  the  degree  of  condensation  with  the  velocity 
field  and  gas  number  density.  The  relative  importance  of  these, 
processes  to  the  flux  into  the  backflow  region  can  then  be  deter¬ 
mined. 

The  expected  form  of  the  experimental  data  and  its  utility  is 
illustrated  in  Figure  2.  An  observation  of  the  distribution  of 
population  in  the  vibrational  state  levels  near  the  nozzle  lip  is 
compared  to  the  mass  flux  for  various  angles.  Two  cases  are  shown 
in  Figure  2:  low  nozzle  stagnation,  pressure  and  high  stagnation 
pressure.  At  the  lower  pressure  the  gas  experiences  significant 
vibrational  decoupling  from  the  rotational  and  translational  modes 
as  it  expands.  This  produces  a  higher  population  in  the  vibrational 
levels  than  would  occur  if  the  vibrational  state  cooled  along  with 
the  translational  modes  of  the  molecule.  This  in  turn  increases  the 
total  elastic  scattering  cross  section  of  the  gas  and  thus  produces 
significant  scattering  of  molecules  into  the  backflow  region.  At 
higher  stagnation  pressures  the  density  of  the  gas  will  be  higher  at 
any  given  point  in  the  flow  and  consequently  the  vibrational  state 
does  not  decouple  from  the  translational  mode  until  much  later  in 
the  expansion  process,  at  which  point  the  vibrational  state  has 
cooled  considerably.  This  produces  a  much  lower  population  in  the 
upper  vibrational  levels  and  a  lower  total  elastic  scattering  cross 
section.  The  flux  into  the  backflow  will  then  be  reduced  due  to  a 
lower  rate  of  scattering  into  that  region  of  the  flow. 


cal  Monte-Carlo  backflow  prediction 
flux  measurements  (pure  N2  flow) . 
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Figure  2:  Expected  Use  of  Experlaental  Date 
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EVALUATION  AND  COMPILATION  OF  THE  THERMODYNAMIC 
PROPERTIES  OF  HIGH  TEMPERATURE  SPECIES 

Malcolm  W.  Chase 
The  Dow  Chemical  Company 
Thermal  Lab 

Midland,  Michigan  48674 

The  JANAF  Thermochemical  Tables  are  a  set  of  self-consistent  thermodynamic 
data.  These  tables  result  from  critically  reviewing  all  literature  sources, 
evaluating  the  accuracy  and  precision  of  the  experimental  data/theoretical 
Calculations,  calculating  temperature-dependent  thermodynamic  functions,  and 
publishing  thermochemical  tables  for  u$e  In  the  Air  Force  community.  During 
1985,  the  JANAF  Thermochemlcal  Tables  (3rd  edition)  will  be  published  as  a 
supplement  to  the  Journal  of  Physical  and  Chemical  Reference  Data  (a  hard¬ 
bound  book  In  two  parts). 

The  past  years  contract  Involved  the  re-examination  of  the  five  alkaline 
earth  metals,  their  dimers,  oxides,  hydroxides,  halides,  carbonates, 
sulfides,  and  sulfates.  Bibliographies,  data  graphs,  and  data  summaries 
were  generated  for  80  species;  this  will  result  In  approximately  200  slngle- 
and  multi -phase  thermochemlcal  tables.  The.  examination  of  experimental/ 
theoretical  data  for  a  given  species  by  Itself  may  not  be  sufficient  to 
Indicate  potential  problems  whereas  the  examination  of  families  of  species 
often  reveals  Interesting  problems  and  discrepancies.  For  example,  three  of 
the  five  alkaline  earth  metals  are  not  well  characterized  thermodynamically. 
This  study  revealed  problems  with  the  calcium  data.  To  resolve  this  problem, 
two  laboratories  In  the  U.S.  are  currently  measuring  the  low  temperature  heat 
capacities  and  high  temperature  enthalpy  of  calcium.  In  addition,  the 
simultaneous  study  of  the  20  alkaline  earth  dlhalldes  yields  a  large  frame¬ 
work  In  which  more  reliable  decisions  can  be  made  as  to  the  validity  of  the 
available  data  as  well  as  guide  better  estimates  for  missing  data;  l.e. 
portions  of  the  CaCi2  data  Is  questionable. 

The  quality  of  the  tabulation  Is  often  temperature-dependent  and  Is  a 
compromise  between  the  quality  and  extent  of  the  available  data  and  the 
calculatlonal  procedures  used  to  generate  the  thermochemcal  tables.  The 
calculatlonal  procedures  are  always  being  re-evaluated  In  light  of  the 
-  extensive  data  available  In  some  areas.  For  example,  the  thermal  functions 
for  monatomic  and  diatomic  gases  are  being  re-examined  to  determine  the 
effect  and  reasonableness  of  new  theories.  Figure  1  shows  the  current  Cp 
value  for  the  alkali  metal  dimers  recommended  by  the  JANAF  staff.  Figure  2 
shows  the  dependence  of  the  calculated  heat  capacity  values  for  L12(g)  on 
some  calculatlonal  pathways.  Discussions  are  In  progress  as  to  the  "proper" 
mode  of  calculation. 

The  successful  application  of  these  tables  depends  on  the  user  being  aware  of 
the  uncertainties  In  the  numerical  values  and  the  possible  physical  and 
chemical  phenomena  peculiar  to  the  species  of  Interest.  Current  effort 
directed  towards  preparing  annotated  bibliographies,  data  graphs,  and  data 
summaries  Is  Intended  as  an  additional  aid  to  the  users  In  judging  the 
effects  of  the  uncertainties  on  the  end  results. 
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EVALUATION  AND  COMPILATION  OF  THE  THERMODYNAMIC 
PROPERTIES  OF  HIGH  TEMPERATURE  SPECIES 

Malcolm  W.  Chase 
The  Dow  Chemical  Company 
Thermal  Lab 

Midland*  Michigan  48874 

The  JANAF  Thermochemlcal  Tables  are  a  set  of  self-consl stent  thermodynamic 
data.  These  tables  result  from  critically  reviewing  all  literature  sources* 
evaluating  the  accuracy  and  precision  of  the  experimental  data/theoretical 
calculations*  calculating  tesperature-dependent  thermodynamic  functions*  and 
publishing  thermochemlcal  tables  for  use  In  the  Air  Force  community.  During 
1985*  the  JANAF  Thermochemlcal  Tables  (3rd  edition)  will  be  published  as  a 
supplement  to  the  Journal  of  Physical  and  Chemical  Reference  Data  (a  hard¬ 
bound  book  In  two  parts). 

The  past  years  contract  Involved  the  re-examination  of  the  five  alkaline 
earth  metals,  their  dimers*  oxides*  hydroxides*  halides*  carbonates, 
sulfides,  and  sulfates.  Bibliographies,  data  graphs*  and  data  summaries 
were  generated  for  80  species;  this  will  result  In  approximately  200  slngle- 
and  multi-phase  thermochemlcal  tables.  The  examination  of  experimental/ 
theoretical  data  for  a  given  species  by  Itself  may  not  be  sufficient  to 
Indicate  potential  problems  whereas  the  examination  of  families  of  species 
often  reveals  Interesting  problems  and  discrepancies.  For  example*  three  of 
the  five  alkaline  earth  metals  are  not  well  characterized  thermodynamically. 
This  study  revealed  problems  with  the  calcium  data.  To  resolve  this  problem* 
two  laboratories  In  the  U.S.  are  currently  measuring  the  low  temperature  heat 
capacities  and  high  temperature  enthalpy  of  calcium.  In  addition*  the 
simultaneous  study  of  the  20  alkaline  earth  dlhalldes  yields  a  large  frame¬ 
work  In  which  more  reliable  decisions  can  be  made  as  to  the  validity  of  the 
available  data  as  well  as  guide  better  estimates  for  missing  data;  l.e. 
portions  of  the  CaCt2  data  Is  questionable. 

The  quality  of  the  tabulation  Is  often  temperature-dependent  and  Is  a 
compromise  between  the  quality  and  extent  of  the  available  data  and  the 
calculatlonal  procedures  used  to  generate  the  thermochemca i  tables.  The 

calculations!  procedures  are  always  being  re-evaluated  In  liqht  of  the 

extensive  data  available  In  some  areas.  For  example*  the  thermal  functions 

for  monatomic  and  diatomic  gases  are  being  re-examined  to  determine  the 

effect  and  reasonableness  of  new  theories.  Figure  1  shows  the  current  Cp 
value  for  the  alkali  metal  dimers  recommended  by  the  JANAF  staff.  Figure  2 
shows  the  dependence  of  the  calculated  heat  capacity  values  for  L12(g)  on 
some  calculatlonal  pathways.  Discussions  are  In  progress  as  to  the  “proper" 
mode  of  calculation. 

The  successful  application  of  these  tables  depends  on  the  user  being  aware  of 
the  uncertainties  In  the  numerical  values  and  the  possible  physical  and 
chemical  phenomena  peculiar  to  the  species  of  Interest.  Current  effort 
directed  towards  preparing  annotated  bibliographies*  data  graphs*  and  data 
summaries  Is  Intended  as  an  additional  aid  to  the  users  In  judging  the 
effects  of  the  uncertainties  on  the  end  results. 


LEGEND  nOLEC 


DEPENDENCE  OF  HEAT  CAPACITY  ON  NODE  OF  CALCULATION 
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CRITICAL  EVALUATION  OF  HIGH  TEMPERATURE  CHEMICAL  KINETIC  DATA 

Norman  Cohen  and  Karl  Vac c berg 
Aar oa pace  Corporation 
P.  0.  Box  92957 
Loa  Angeles,  CA.  90009 

The  rapid  growth  In  chemical  kinetic  data  and  In  the  cumber  of 
nonspeelallst  users  of  such  data  in  DOD-related  work  ha*  created  a  need  for  a 
reliable,  easy-to-use  compilation  of  evaluated  rata  data  ood  race mm ended  rate 
coefficients*  To  answer  this  need,  s  program  for  the  evaluation  of  kinetic 
data  and  preparation  of  consistently  formatted  data  sheets  patterned  after 
JAMAF  Thermochemical  Tables  waa  undertaken  with  the  Joint  support  of  the  Air 
Force  Office  of  Scientific  Research  and  the  National  Bureau  of  Standards. 

High-temperature  data  are  of  special  Interest  to  the  Air  Force,  and  this 
was  the  first  data-evsluatlon  program  to  extrapolate  routinely  rate 
coefficients  for  blmolecular  reaetlous  to  higher  temperatures  using  nethods 
more  sophisticated  than  the  familiar  Arrhenius  expression.  Theory  Is  also 
used  to  predict  rr.ta  coefficients  for  Important  reactions  for  which  there  are 
no  experimental  data.  Because  the  most  rigorous  current  versions  of 
transition  state  theory  are  difficult  and  costly  to  apply  to  all  but  the 
simplest  reactions,  a  aajor  part  of  this  year's  efforts  has  been  devoted  to 
examining  the  justification  of  using  a  simpler,  more  approximate  version  as  an 
extrapolative  tool  and  to  determining  Its  limits  of  reliability.  A  recent 
technical  report  does  this  for  the  family  of  reactions  of  0  atoms  with 
alkanes;  the  report  has  been  accepted  for  publication.  An  Important  result  of 
that  study  la  a  series  of  simple  expressions  for  estimating  the  value  of  the 
room  temperature  rate  coefficient  for  the  reaction  of  0  atoms  with  say  alkane, 
and  than  for  extrapolating  that  rate  coefficient  to  temperatures  up  to  3000 
K.  The  results  of  this  work  were  used  to  eld  In  the  preparation  of  s  new 
series  of  data  sheets  for  IS  reactions  of  0  atoms  with  various  alkanes ,  one  of 
which  is  shown  la  Figs.  1  sad  2. 

As  a  related  effort  to  the  aforementioned  work,  the  experimental  data  for 
the  reactions  of  0  atoms  with  methane,  ethane,  and  neopentane  at  temperatures 
below  ca.  600  K  were  reexamined.  In  the  case  of  methane  and  ethane,  a  set  of 
elementary  reactions  was  assembled  that  describes  the  complex  chemistry 
occurring  in  the  original  studies.  With  the  aid  of  previously  written 
computer  codes,  the  original  data  were  reanalysed.  It  was  found  In  both  eases 
that  the  measurements  were  especially  sensitive  to  errors  caused  by  secondary 
reactions  not  taken  Into  account  originally  and  to  impurities  la  the  reagent 
alkane.  It  appears,  qualitatively,  that  the  values  for  the  0  +  CHg  and  0  + 
C-H*  rate  coefficients  were  overestlmeted  by  approximately  factors  of  2  to  3 
in  the  250  to  600  K  temperature  range.  This  work  has  also  been  written  up  la 
a  technical  report  and  submitted  for  publication. 

During  the  remainder  of  the  fiscal  year ,  we  plan  to  prepare  data  sheets 
for  reactions  of  0  and  OH  with  MHj  and  NjHg,  and  for  raaetlons  of  OH  with  a 
series  of  halo  alkanes.  Previous  work  on  BT+  P,  and  F  +  Hj  will  be  updated  and 
prepared  for  publication.  Methods  for  treating  ualmolecular  reactions  will 
also  bo  examined. 


••  1985  ROCKET  RESEARCH  MEETIHG  •* 

Abstract  26  Pg  2 

CHj  ♦  OH  5=*  0  *  Cfy 

*  ■“•7  *  2  U  ■»1*1  <*J-*  *1"1)  ajj,  •  30*4  t  U  J  ■al*1**1  (7.3  cal  * 

ttt)  «  0.14  T~°"3  "*O*0V*> 

Tht  acarutac;  la  la*  I  U  *0.2  at  2*0  X.  tarraaala*  t*  *0.1  at  2000  K. 


un  eocmeum 


k 

«T> 

1(240) 

oaita 

1 1 

(4  T2*1  #**<-2070/T) 

2M  -  2009  K 

1.2  a  I04 

1  aal*V 

1.0  a  lO-‘*  t2*'  **al-»70/T) 

1.4  a  I0'17 

a*2  a*laaala~*a~* 

*-i 

4.7  a  10*  T2**  aa*(*J*70/t) 

2f  •  -  2000  1 

2.4  a, I02 

k  aal"'t"‘ 

1.1  1  10'1*  T2’*  aao<-)470/T> 

| 

I.)  a 

a*2  aalaaala*1!*1 

DaaartalMr  la  la*  k,i  *0.1  aaar  MO  *.  Uaraula*  ta  *0.4  aa  2000  L  laaamlaay  la  1^  k_(i  *0.2  t> ran*»mn  taa  raa*a  W  2*0  - 
2000  I.  Tka  aaaartalaty  la  la*  kj  railaata  naaarf  alaalaa  la  Wck  la*  k.(  aa*  la*  KIT)  •  j 


Fig.  I 


log  UVc*'  MoiKute'V) 


????  FFF  f*r?rrtr 
rM’rrrs'r 

w  Ik 


••  1985  BOCKBT  RESEARCH  MEETING  •• 
Abstract  26  Pg  3 


atoj  •  ♦  a* 


Ha 


■IOjkMIU 


»(■<")■»  «*—  *»■ 
t  la  144.9  *  •. 7  U/aal,  to 


liaal 


0171). 


»»n, 

US 


«aif. 


•au  tm  •  aai  uk  an  cafeaa  fna 
anlfitnt  inmaC  4aa  (aa  KT) 


*.,<*»  •  *M  f*u  ta-WW).  «*•#  aa 


Balt  u,  nr,  umii  ' 

taactfc  IM  tata  (lac.)  Oaa 

(lac)  Cataut.,  74)  (IWt). 


■ai  c/faaalja,  Ckaa.  ftfa.  hate  97,  M  (1979)1  4.  taactic  Uta  tata  (Xac)  OaataaC  m  (l***)l  “* 
nlja,  laak.  «a>  taaai  laac.  Ckak.  inc..  Oac  19 

I. -  T.  taana.  7.  C  taalaik.  aai  J.  9.  taa 

C  CaCCa  aai  C  C  taaa.  IJca  ta<  (lac. )  CaCaa.,  m  (1975). 

lack  aaC  A.  JaaC,  la*.  Caaanaaaa.  life  te  Hi  1H  (1977).  _  .  . 

C  ~ - —i  aai  C  Mtaa,  7.  Ha.  I*a.  *T*W  (1*47) I  IMS..  J.  Otaa.  Ac  ».  »U  UM»). 

L.  ana  aai  C  I.  Nataa,  Jr.,  CaaaC  7.  Ota  *},  747  (1997). 
lb  Qaila  aai  I.  lb  CUca,  7.  Ufa.  Stan.  9*.  1911  (194)). 

9.  lean  aai  9.  9.  TlraaC.  Trace  fanlaffac  «,  97#  (1*97).  _  ...  .  ,liM,  _ 

U  tan.  4.  f.  fclai-1-T"  aai  4.  L.  lafUaaa,  laaaac.  9kaC  tail  M44.  taiai.  tata  tan  9»  (1*4)1.  n 

*  *****  _  _  _  _  _  — _ _ 

Ba  rMMa  IWa  kMHMAc  Hfl*  Am*  71,  9M  (in*)* 

'  -  1919  <lf91).  _  _ _  ,  ^  .iBM. 

aai  C  C  tala.  7.  Ufa.  «Uta  M.  Nca.  J,  947  (1977)  I 


C  inrta  9*  |-|n  *  •  ~|  J.  Ckaa.  life  »»«•  <l»»«>* 

7.  t.  lama.  In.  7.  (tan.  Uaaa.  J,  U7  (H*Ti,  (I)  7.  T.  ta 
S.  B.  tala  aai  7.  T.  Ian.  tan.  CtaClaa  data  4,  *  (1*7)). 
7.  talta  ail.  t  Aaalai.  to.,  J.  flkan.  I*fa.  ZL  »*  <***•>• 
7.  taUh.  arlaaaa  mntaaaclaa,  U  Tan.  1*4). 


7.  tank,  )taa 

Cfekaa,  aa  ba  9 
*.  ‘  C  4.  taU.  aai  C 


Ji,  74*  (1*4)). 


Fig.  2 


11  1985  ROCKET  RESEARCH  MEETING  *• 

Abstract  27  Pg  i 

VOHTAMEJfTAL  STDOIM  OP  AZZBZ  DICCMPOIITIOT  AND  COMBUSTION 

Joseph  B.  Plana gin,  Daaa  0.  Woolery,  Wallace  W.  Thompson 
Rockstdyns  Division 
ROCKWELL  INTERNATIONAL 
Canoga  Park,  CA  9130* 

Tba  utilisation  of  aalda  (-*«)  ingredients  la  rapidly  increasing  in  a  vide 
epoetnaa  of  Air  force  applications,  is  Ida  materials  are  primarily  char¬ 
acterised  by  vheir  high  positive  heats  of  formation  is  addition  to  unique 
combustion  features  such  as  inherent  high-burning  rates  and  self-extlag- 
gniahuent  at  pressures  above  ambient. 

This  study  will  elucidate  the  decomposition  cad  combustion  characteristics 
of  various  iaide  ingredients  vis  high  taaperatura.  high  heating  rata 
pyrolysis- gas  chromatography-maeo  epectrcmstry. 

Tbm  roach  will  he  threefold! 

1.  Definition  of  aside  decomposition  chemistry  with  structure. 

2.  Effect  of  esldo  decomposition  chemistry  upon  selected  propellent 
ingredients. 

3.  Correlation  of  decomposition  pheeomeoe  with  propellent  burn  rates. 

The  effort  during  tho  first  yeer  has  resulted  in  e  determination  of  aside 
decomposition  chemistry  via  high  pressure  (30-500  MIC) ,  high  hasting 
rate  pyrolysis  of  various  aalda  Ingredients  consisting  of:  (1)  Aliphatic 
aside*;  (2)  Asldonltxaalaea;  (3)  Asldoelcohole;  (A)  Multi-substituted 
asides |  (5)  Cyclic  aside  monomers i  (6)  Aside  polymers  -  a)  GAP;  b)  AZ0K; 
e)  AMMO;  d)  1AMD;  (7)  GAP  gurnet ©eke. 

The  affect  of  pressure  upon  the  pyrolysis  of  liquid  GAP  polymers  of  600, 
2000,  2500,  sad  3*00  molecular  weight  at  30,  100,  250  and  500  P8Z0  was 
determined.  Increase  in  CO  end  decreases  in  H-0  yields  were  found  with 
increasing  pressure  for  all  polymers.  I.  and  other  produce  yields  ramalned 
essentially  constant  with  pressure  increase.  These  results  indicate  more 
efficient  carbon  oxidation  with  pressure  increase. 

Tho  affect  of  proaouro  upon  tho  pytolytla  of  tho  recpeetlve  CAP  polymer  gu»* 
stocks  cured  with  BOX  woo  determined*  Those  propellents  self-extinguished 
up  to  50  PSXG.  Gas  product  distributions  from  pyrolysis  wore  determined  sc 
100,  250,  and  500  P8ZG,  These  product  distributions  were  influenced  by  SOX 
concentration  dictated  by  GAP  hydroxyl  equivalent  weight.  Xn  all  cases,  CO 
yield  Increased  with  increasing  preocuvo  indicating  mors  efficient  esrbeu 
oxidation. 

turn  reto  studios  have  demonstrated  three  pressure  dependent  aside  polymer 
deflagration  phenomena  consisting  of  very  rapid  coabuetien,  salf -extinguish¬ 
ment,  and  smooth  regression  over  the  pressure  region  of  0  to  3000  PSXG. 

Preliminary  data  ehowo  good  correlation  between  weight  percent  GAP,  flaoa 
temperature,  and  burning  rets  for  eurod  gumotocke  of  various  GAP  samples. 
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|  5C1EHTIFIC  APPROACH  | 

•  FIRST  TIME  EVER  ELUCIDATION  OF  AZIDE  DEC0HT3SITI0N  CHEMISTRY 
VIA 


•  JtLZmXXC  AlZSUr  *IXDOCTUUCgg»»  AIXDOALCOHQLS, 
CILXC  A2XDX  MaWMlMf  A1XD*  POLWIM 

•  CORRELATION  OF  PYROLYSIS  BECOHPOSITION  CHEMISTRY  WTH  BURN 
RATE 

•  CUV  FOMMM  NOt  2000#  2500  r  3000  MXUBCSJSM  HKG8T 

•  air  -  HKDZ  OUMSTOCXI 


CO  AND  H2O  YIELD  FROrt  NEAT  6AP  (370-19A0  EH)  PYROLYSIS 
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I  PRIMARY  ACCOMPLISHMENTS  I 


•  ELUCIDATION  AND  IDENTIFICATION  OF  AZIDE  DECOMPOSITION  CHEMISTRY 

•  nnrLcmci  ov  orxsa  toctiobaz,  caocrs 

•  xs3rLDncs  or  PQLxmai  utiow 

•  CORRELATION  OF  INCREASED  CARBON  OXIDATION  FROM  PYROLYSIS  WITH 
PRESSURE  INCREASE  AND  BURN  RATE 

•  FIRST  TIME  DEMONSTRATION  OF  THREE  PRESSURE  DEPENDENT  AZIDE 
POLYMER  BURNING  PHENOMENA  CONSISTING  OF 

•  VOX  XA7XD  CONBOSTXOK 

•  aLr-SXTX*GOXSHMF>T 

•  SNOOTS  JUBGS2S8XQH 


6A?  <570-1940  EM)  HMDI  GUMSTOCK  BURN  RATES 
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STABILITY  OK  RDX,  AP,  AND  BTTN  NEAR  ROOM  TEMPERATURE 

Douglas  B.  Olson  and  Robert  J.  Gill 

AeroChem  Research  Laboratories,  Inc. 

P.O.  Box  12,  Princeton,  NJ  08542 

The  overall  objective  of  this  work  is  to  gain  a  more  fundamental  understanding 
of  the  chemical  reaction  mechanism  and  kinetics  responsible  for  aging  of  solid 
rocket  propellants  at  near  ambient  temperature.  The  chemical  aging  process  is 
envisioned  to  result  from  the  slow  decomposition  of  some  ingredients  producing 
highly  reactive  species  which  then  chemically  attack  attar  ingredients,  especi¬ 
ally  the  polymer  binders.  The  present  studies  includs  the  decomposition  kin¬ 
etics  of  selected  pure  ingredients  as  well  as  the  degradation  reactions  ol  two 
binders.  Mechanisms  will  be  postulated,  usirg  the  mtris^reJ  kinetic  parameters, 
and  the  predictions  of  this  chemical  aging  "model"  w-jI  be  compared  with  a«ail  • 
able  data.  A  noteworthy  aspect  of  this  program  ic  t!  e  use  of  highly  specific 
and  ultrasensitive  analytical  probes  which  allow  studies  t<;  be  performed  at 
realistic  storage  temperatures,  over  short  time  spans,  '  ■  -  with  little  degrada¬ 
tion,  compared  to  the  more  usual  accelerated  testing  at  hgh  temperatures, 
which  then  requires  extrapolation  of  rate  coefficients  over  many  decades. 

Progress  to  date  has  Included  measurements  of  the  low  temperature  decompor Lr ion 
rate  coefficients  of  RDX,  AP,  and  BTTN  using  gas  evolution  analysis,  as  sche¬ 
matically  illustrated  in  Fig.  1.  A  carrlei  gas  Is  passed  over  small  samples  of 
the  Ingredient  under  test  in  heated  in  .'thermal  cells  (T  *2,0-100*C) .  A  highly 
sensitive  N0/0*  chemiluminescence  sn.iyj.er  is  Used  to  measure  the  real-time  Nf»x 
concentration  (or  NH*  ccncentratloi.  from  AP)  evolved  from  the  samples  to  com¬ 
pute  a  decomposition  rate  coeffic.ant.  This  is  performed  at  several  tempera¬ 
tures  to  establish  the  Arrheniv  parameters  of  the  process.  The  technique  is 
capable  of  measuring  rate  f  tf'citncs  as  small  as  about  10"* 2  s"‘  (half-lives 
greater  than  10*  years),  a*  .  <g  the  same  apparatus,  the  reactivity  of  decomposi¬ 
tion  products,  such  r. s  NO*,  with  individual  Ingredients  and  mixtures  is  also 
being  measured  over  s'.^rt,  x-100  hour,  storage  times. 

Figure  2  shows  low  ter  perature  kinetic  data  measured  in  this  program  on  RDX,  AP, 
and  BTTN  as  well  as  some  earlier  iuta  on  other  materials.  The  activa¬ 

tion  energy  for  RDX  decomposition  o  s  rprisingly  low  25  t  1  kcal  mol”*,  al¬ 
though  when  the  rate  exoiession  .  u'  "epilated  to  450  K  reasonable  agreement  Is 
obtained  with  previous  tstlmu'.es.  rite  coefficients  shown  for  two  perchlor¬ 

ates,  AP  and  CP,  illustrate  their  l-'gh  stability.  The  AP  data  are  in  good 
agreement  with  some  of  the  p-«*viou3  high  temperature  measurements. 

Results  are  also  shown  for  three  nitrate  esters,  NC,  PETN,  and  BTTN.  Because  of 
some  experimental  difficulties  and  a  large  disagreement  between  these  data  and  an 
•earlier  Hercules/Allegany  Ballistic  Labs,  study,  we  report  this  BTTN  rate  coeffi¬ 
cient  as  e  preliminary  value.  Note  that  the  measured  activation  energy  for  BTTN 
(Ea«41  kcal  mol"*)  Is  oimilar  to  that  of  the  other  two  nitrate  esters,  although 
the  previously  reported  BTTN  value  (Ea*26  kcal  mol"*)  is  much  smaller. 

Tills  work  is  continuing  and  will  concentrate  on  the  reactions  of  decomposition 
products  with  propellant  ingredients  and  the  aging  mechanism  of  HTPB-cont .lining 
propellants. 
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TEMPERATURE,  *C 


FIGURE  2  DECOMPOSITION  RATE  COEPFICIENTS  OP 
PROPELLANT  INGREDIENTS 

Activation  anarglaa  la  Real  loti 

nltrata  aatera  -  NC  (Ea(T  <  90*C)  »  25,  Ea 
(T  >  90*0  -  43),  PETN  <E*  -  40),  and  BTTN 
(E-  -  41);  ttaa  nitraalne  RDX  (Ea  -  25;  ai*d 
parchlorataa  AP  (E*  ■  30)  and  CP  (Ea  •  32). 
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FUEL-RICH  SOLID  PROPELLANT  BORON  COMBUSTION 


Merrill  K.  King  and  Janes  J.  Komar 
Atlantic  Research  Corporation 
Alexandria,  Virginia 

Boron  particle  combustion  is  retarded  by  initial  presence  of 
an  oxide  coating.  In  current  boron  ignition  models,  oxygen  is 
assumed  to  dissolve  in  the  oxide  and  diffuse  to  the  * **2^3 
Interface  for  reaction.  Measurements  of  exotherms  for 
oxide-coated  particles  in  hot  O./Nj  mixtures  have  quantified 
oxidation  rates,  but  have  not  unequivocally  established  whether 
oxygen  cr  boron  (suggested  by  theoretical  solubility 
considerations)  moves  across  the  oxide.  Possible  nor • equilibrium 
condensation  of  boron  oxide/hydroxide  products  during  rapid 
cooling  (e.g.,  nozzle  expansion)  is  also  important  -  significant 
performance  is  lost  without  such  condensation.  Past  condensation 
studies  have  been  conducted  under  unrealistic  conditions  or 
Involved  limited  diagnostics,  inadequate  for  mechanism  definition. 

Regarding  the  first  problem,  a  unique  experiment  (Figure  1A) 
utilizing  two  sealed  vessels  (one  containing  argon,  the  other  an 
argon/oxygen  mixture)  separated  by  a  controlled  thickness/ 
temperature  liquid  BjO^  film  on  a  porous  platinum  disk,  will  be 
performmed.  Oxygen  permeability  will  be  determined  by  monitoring 
0 .  concentration  rise  la  the  argon  vessel  with  a  mass  spectrometer 
or  NDUV  detector.  Oxide  film  temperature  will  be  controlled  by 
resistance  or  Inductive  heating  and  measured  by  two-color 
pyrometry  and/or  thermocouples,  while  thickness  will  be 
established  by  oxide  volume  and  disk  area.  Equal  pressures  will 
be  maintained  in  the  vessels  by  bellows  sections  or  use  0*.  a 
manometer  connected  across  chambers  with  controlled  bleeds  as 
needed.  Several  temperature,  oxide  thickness,  and  oxygen  level 
combinations  will  be  studied.  Results  will  be  compared  with 
calculations  from  previously  referenced  oxide-coated  boron 
particle  exotherms  (Figure  2A). 

In  Task  2,  a  unique  combination  of  laser  diagnostics  and  a 
2-0  windowed  expansion  section  (with  pressure  tape)  attached  to  a 
gaseous  combustor  will  be  used  to  quantify  boron  oxlde/hydroxlde 
condensation  processes  at  realistic  conditions.  (Figure  IB).  Vet 
and  dry,  unseeded  (homogeneous)  and  seeded  (heterogeneous)  systems 
will  be  studied.  A  long-residence-time  combustor  using  oxygen,  CO 
or  propane,  nitrogen,  and  BjO-  or  tr iethylborane  will  produce  well 
defined  (composition,  temperature)  products.  Various  throat  sizes 
and  nozzle  contours  provide  various  controlled  temperature- 
pressure-t ime  profiles.  Optical  ports  permit  use  of  laser-based 
diagnostics  for  measurement  of  flow  velocity,  composition, 
temperature,  particulate  concentration,  and  condensate  sizes 
versus  distance  (time).  From  analysis  of  changing  gas  composition 
and  particle  quantity  and  size  along  the  nozzle  (for  various 
initial  conditions  and  expansion  rates)  condensation  mechanisms 
will  be  defined. 


••  1985  ROCKET  RESEARCH  MEETXMO  •• 
Abstract  29  Pg  2 


U. 


APPARATUS  FOR  DETERMINATION  OF  SOLUTXON/TRANSPORX 
(PERMEARIUTT)  RATE  OF  OXTGEN  ACROSS  A  BORIC 
OXIDE  FILM 
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2A.  PERMEABILITY  EKPERIMEHT - ANTICIPATED  RESULTS 


21.  CONDENSATION  EKPERIMEHT  OUTPUT 


for  Varloua  Chamber  Cm  Tanparaturea , Pr***ur* ,  and  Coapoaition,  and 
Varloua  RaCaa  rf  change  Of  Taaparatura  (Controlled  By  No** la  Contour)* 

Obtain  Tanparatura 

Major  Spaclaa  Coocaatx  tion 

Prasaura 

Aaount  of  Condaaaad  Oxide 
Minor  Spaclaa  Identification 

Loading  to  Itodel  of  Nuclaation/Coodan*ation  Procaaaaa  Capable  of 
|,<«l  aaad  to  Predict  Degree*  of  Supercooling  in  Variou*  Situation* 


} 


va  Dlatanca  (Tina) 
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CRACK  GROWTH  BEHAVIOR  IN  A  COMPOSITE  PROPELLANT  WITH  STRAIN  GRADIENTS 

C.  T.  LIU 

Air  Force  Rocket  Propulsion  L/.oorotory 
Edwards  AFB  CA  93523-5000  (805)  277-5502 

The  main  objective  of  the  Structural  Mechanics  Research  Proqram  is  to  advance 
the  current  understanding  of  the  crack  growth  behavior  in  solid  propellants.  The 
specific  objective  of  this  present  research  program  is  to  investigate  the  crock  growth 
behavior  in  solid  propellant  in  the  presence  of  nonuniform,  gross  applied  strain  fields. 

In  this  study,  the  crack  growth  behavior  in  a  highly  fi’ied  composite  propellant 
with  strain  gradients  was  studied  through  the  use  of  precrocked  biaxial  specimens. 
Two  different  shapes  of  biaxial  specimens  were  considered;  namely,  the  rectangular 
shape  and  the  wedge  shape.  Through  crocks  with  differ®--*  crock  lengths  and 
eccentricities,  with  respect  to  the  vertical  centerline  of  me  specimen,  were  cut  along 
the  horizontal  centerline  of  the  specimen.  Crack  propagation  tests  were  conducted 
under  a  constant  strain  rate  condition  at  room  temperature.  The  measured  crack 
length,  load,  and  time  served  as  Input  to  a  computer  program  that  calculated  the  crack 
growth  rate  and  the  stress  intensity  foctor,  and  then  determined  the  functional 
relationship  between  these  two  parameters. 

In  analyzing  the  data,  time  was  selected  as  the  independent  variable,  whereas 
crack  length  and  load  were  selected  as  the  dependent  variables.  With  this  selection  of 
independent  and  dependent  variables,  the  crack  length  and  the  load  were  measured 
every  three  seconds  (i.en  A  ♦  =  3  seconds),  which  was  selected  just  for  convenience. 
Based  on  the  measured  a  versus  t  data,  the  crock  growth  rate,  52 ,  was  calculated  by 
four  different  methods  for  five  different  time  intervals.  At  =3,  6,  9,  12,  and  15 
seconds. 


At  the  time  of  this  writing,  progress  has  been  mode  toward  developing  a  crock 
growth  model  to  predict  the  crack  growth  behavior  in  solid  propellants,  and  the  data 
analysis  had  been  completed.  Based  on  the  results  of  the  data  analysis  for  the 
condition  considered  in  this  study,  the  following  conclusions  are  drawn: 

I.  The  spline  fitting  method  introduces  the  least  error  into  the  crack  growth 

rate. 


2.  There  is  an  optimum  a  t  measurement  increment  that  will  minimize  the  error 
in  crack  growth  rate  calculation. 

3.  The  time  range  of  the  crack  growth  transition  zone  is  insensitive  to  the 
change  of  the  initial  crock  length  and  the  nonuniform  gross  strain  field. 


4.  The  crock  growth  resistance  curve  is  insensitive  to  the  initial  crock  length. 

5.  In  the  stable  crock  growth  stage,  the  effect  of  the  initial  crock  length  anjd 
the  nonuniform  gross  strain  field  on  the  crock  growth  behavior  is  negligibly  smail. 

6.  A  power  law  relationship  exists  between  the  crock  growth  rate  4?  ar*d 

stress  intensity  foctor  Kj.  dt  ' 

7.  The  eccentricity  of  the  crack  has  no  significant  effect  on  the  crock  growth 
behavior. 

8.  When  the  crock  grows  into  o  lower  nonuniform,  gross  strain  field,  the  crocf< 
growth  behavior  shows  a  pronounced  cyclic  fluctuation. 


Crack  Growth  Behavior  in  the 
Presence  of  Strain  Gradients.... 
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Figure  1  Schematic  Representation  of  Basic  Approach 


Figure  2  Experiments!  Results 
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NONLINEAR  MOOELING  AND  METHOD  OF  PREDICTING  CRACK  GROWTH 

r,  liu 

Air  Force  Rc»**tet  Propulsion  Lcborotory 
Edwords  AFG  L.  93523-5000  0&5)  277-5502 

In  the  post  decode,  many  experimental  studies  were  directed  primarily  toward  the 
characterization  of  fracture  behavior  in  solid  propellants  under  various  loading 
conditions.  The  experimental  results  revealed  that  despite  the  nonlinear  nature  of 
these  types  of  materials,  linear  viscoelastic  fracture  mechanics  theory  or  slightly 
modified  nonlinear  versions  hod  been  successfully  used  in  characterizing  the  crack 
growth  behavior  in  some  propellants.  However,  If  should  be  pointed  out  that  the 
verifications  were  limited  to  rather  ideal  stress  states  and  simple  loading  conditions. 
Therefore,  in  order  to  characterize  the  fracture  behavior  in  solid  propellant,  under 
realistic  and  general  loading  conditions,  the  effect  of  material  nonlinearity  on  the 
crack  initiation  and  the  subsequent  crack  growth  is  required. 

The  objective  of  this  study  is  to  develop  a  nonlinear  crack  growth  model  which 
can  be  used  to  characterize  crack  growth  under  targe  deformation  conditions  and  to 
determine  the  range  of  applicability  of  the  linear  theory  in  predicting  crack  growth. 

The  approach  will  involve  a  combination  of  analytical  and  experimental  studies. 
Experiments  (destructive  and  nondestructive)  will  be  conducted  to  determine  the 
failure  process,  the  damage  zone,  the  failure  property,  and  the  strain  field  ahead  of 
the  crack  tip.  This  information  will  be  used  to  determine  the  damage  parameters 
associated  with  the  nonlinear  viscoelastic  constitutive  equation  and  to  determine, 
together  with  the  criteria  developed  from  the  theoretical  analysis,  the  failure  process 
zone.  The  material  response  near  the  crack  tip  will  be  modeled  by  the  2-D  nonlinear 
viscoelastic  constitutive  equation.  This  crack  tip  model  and  the  generalized  path- 
independent  J-infegral,  developed  by  Schapery,  will  be  incorporated  into  a  computer 
code  to  calculate  the  value  of  the  J-infegral.  This  Information  will  be  used  to  predict 
crack  Initiation  and  propagation  in  solid  propellants  under  various  loading  conditions. 

The  preliminary  damage  zone  study  was  conducted  by  using  the  acoustic  imaging 
technique.  A  typical  result  is  shown  In  Figure  2.  The  contours  si  town  In  Figure  2  are 
the  acoustic  fringes  of  a  strained  propellant  which  indicate  the  intensity  of  the 
damage  developed  in  the  material.  If  can  be  seen  that,  near  the  crock  tip  region,  the 
shape  of  the  contours  or  the  damage  zones  are  commensurate  with  the  stress  fields 
developed  in  the  material  and  they  resemble  the  plastic  zones  near  the  crack  tip  in 
ductile  metals.  ,  This  preliminary  study  suggests  that  the  acoustic  imaging  technique 
can  be  a  promising  technique  to  determine  the  damage  zone  size  in  solid  propellants* 
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HIGH-RESOLUTION  MOVIES  OF  PROPELLANT  DEFLAGRATION 

Roger  J.  Becker,  Paul  F.  Luehrmann,  and  Janet  L.  Laird 
University  of  Dayton  Research  Institute 
Dayton,  Ohio  45469 

This  program  has  been  designed  to  enhance  our  understanding  of  the  behavior 
of  the  particles  at  the  surface  of  a  grain  during  deflagration.  A  special 
emphasis  has  been  placed  on  qualitative  knowledge  of  particles  and  agglomerates 
ranging  In  size  from  20  to  70  pm.  Coooeratlve  behavior  and  the  nature  of  the 
Immediate  particle  environment  are  of  particular  concern.  The  ultimate  goal  of 
this  Initiative  Is  experiments  correlating  particle  behaviour  with  external 
parameters,  such  as  the  flow  field  and  pressure  oscillations. 

Our  approach  has  been  to  exploit  the  unique  capability  of  the  newly 
developed  copper-vapor  laser  as  a  light  source  for  front-lit  clnephotography. 

The  30  ns  pulse  width,  1.2  mJ  pulse  isrgy,  and  5  kHz  repetition  rate  of  this 
laser  are  Ideal  for  front-lit  clnephotography.  The  short  pulse  width  freezes 
the  motion,  the  high-energy,  monochromatic  pulse  penetrates  the  flame,  and  the 
5  kHz  repetition  rate  captures  dynamic  phenomena.  We  have  also  developed  a 
diode-array  detector  for  our  servo  positioner,  due  to  severe  depth-of-fleld 
restrictions. 

He  have  succeeded  In  making  movies  during  pressured  bums  on 
wlde-dlstrlbutlon  propellants.  Our  diode-array  detector  has  worked  well  and  our 
movies  are  immune  to  flame  brightness,  show  no  motion  blur,  and  have  enabled  <s 
to  photograph  the  Intermediate  sized  (20  pm)  particles  and  their  agglomerates. 

In  all  movies  using  different  formulations,  the  Intermediate  sized  particles  are 
seen  to  undergo  rapid  and  large  amplitude  oscillations,  as  If  tethered  to  tiie 
surface  by  fine  fibers. 

We  are  developing  an  Improved  Inhibitor  for  strand  bums  that  gives  no 

smoke,  causes  little  flaking,  and  Is  relatively  successful  In  preserving  the 

strand  profile.  We  have  also  built  and  test  id  ?n  optical  correlator  for 

quantitative  analysis  of  our  films.  An  optical  approach  allows  for  parallel 

data  processing,  and  Is  therefore  both  fast  and  economical.  Preparations  for 

stereo  movies  are  In  progress. 

$ 


(1) 


•  ELIMINATES  MOTION  BLUR 

•  PIERCES  FLAME  INCANDESCENCE 

•  AMPLE  LIGHT  FOR  FINE-GRAINED  FILM 


RESULTS 


•  DEVELOPING  OPTICAL  CORRELATOR 
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WIDE  DISTRIBUTION  PROPELLANTS 


Robert  A.  Frederick,  Jr.  and  John  R.  Osborn 
School  of  Aeronautics  and  Astronautics 
Purdue  University 
West  Lafayette,  Indiana  47907 


Composite  propellants  containing  a  wide  AP  particle  size  distribution  have 
exhibited  unpredictable  ballistic  properties.  Highly  loaded  propellants  of 
this  type  do  not  burn  continuously  but  show  local  stepwise  burning  patterns  at 
the  propellant  surface.  The  propellant  bums  quickly  for  a  short  period  of 
time,  then  “rests"  for  a  short  period  of  time.  The  Increments  of  burning  occur 
over  distances  comparable  to  the  diameter  of  the  coarse  AP,  while  the  rest 
period  has  been  linked  to  the  energetic  properties  of  the  binder  for  IPDI  and 
DDI  formulations. 

These  observations  challenge  previous  conclusions  that  propellant  burning 
rate  Is  controlled  largely  by  the  deflagration  of  individual  oxidizer  crystals 
and  their  surrounding  binder.  Scenarios  which  describe  propellant  combustion 
as  strictly  a  time  average  or  area  average  process  are  Inadequate  to  describe 
this  local  Intermittent  combustion.  It  now  appears  possible  that  AP  particle 
Ignition  and  binder  pyrolysis  are  controlling  combustion  mechanisms,  at  least 
for  wide  distribution  formulations. 

The  goal  of  this  research  program  Is  to  Identify  conditions  which  produce 
local  stepwise  burning  of  solid  propellants  and  to  Identify  the  physical  pro¬ 
cesses  that  control  the  duration  of  the  bum  periods  and  "rest"  periods. 
Perfecting  a  technique  to  continuously  measure  the  local  burning  rata  Is  a 
major  task  In  achieving  this  goal.  Measurements  will  first  be  completed 
using  high-speed  photography  as  a  preliminary  screening  tool.  The  desired 
technique,  however.  Is  a  direct  measurement  using  a  laser  position  detector 
(LPD).  This  LPD  Is  being  designed  and  developed  to  continuously  record  spat¬ 
ially  local  (40  micron  diameter  circle),  high  resolution  (20  micron)  distance 
measurements.  With  an  adequate  technique  perfected,  systematic  composition 
variations  will  be  examined  to  determine  the  role  of  AP  ignition  and  combustion 
properties,  and  the  energetic  nature  of  the  binder  on  the  local  and  average 
burning  rate.  Specifically,  the  binder  curative,  oxidizer  modal  size  ratio, 
and  pressure  will  be  Investigated  as  Independent  variables. 

The  significant  achievement  to  date  hat  been  the  continuous  measurement 
of  average  burning  rate  of  solid  propellant  burning  at  atmospheric  pressure 
by  sensing  the  position  of  a  modulated  laser  beam  reflected  from  the  propellant 
surface.  The  Instrument  tested  compensated  for  the  variable  optical  properties 
of  the  propellant  surface  and  the  combustion  gases. 
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FEATURES  OF  APPROACH 


0  HETEROGENEOUS  SURFACE  CHEMISTRY 

-  LARGE  SIZE  DIFFERENCE  BETWEEN  COARSE  AND 
FINE  AP 

0  FIRST  DIRECT  MEASUREMENTS 

-  MEASUREMENT  OF  LOCAL  MICROSCOPIC  NON-STEADY 
BURNING 

O  SYSTEMATIC  VARIATIONS 

-  AP  DECOIfOSITION  CHARACTERISTICS 

-  BINDER  ENERGETICS  * 


BINDER  PYROLYSIS 

ENERGETIC  PROPERTIES 

DEPOLYMERIZATION 
KINETICS 

PLASTICIZER 
OXIDATION 


DIRECT,  CONTINUOUS 
SENSING  OF  LOCAL 
BURN  RATE 


AP 


-  NON-STEADY  DEFLAGRATION 

-  IGNITION  DELAYS 

-  THERMAL  EXPLOSION 

-  HEAT  SINK 
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PRIMARY  SCIENTIFIC 
ACCOMPLISHMENTS... 

o  ACHIEVED 

-  CONTINUOUS  MEASUREMENT  OF  SURFACE  HEIGHT  AT 
ATMOSPHERIC  PRESSURE 


0  ANTICIPATED 

-  EFFECT  OF  BINDER  ENERGETICS  ON  MICROSCOPIC 
NON- STEADY  COMBUSTION 

-  EFFECT  OF  SURFACE  HETEROGENEITY  ON  AP 
IGNITION  DELAYS 


time  DIAMETER 

COARSE  AP 
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Coupling  Between  Velocity  Oscillations 
and  Solid  Propellant  Combustion 

R.  S.  Broun,  A.  M.  Blackner,  P.  G.  Willoughby,  and  R.  Dunlap 

Ik  i  ted  Technologies/ Chemical  Systems  Division 
San  Jose,  CA  95150-0015 

Cold-flow  studies  are  being  conducted  to  define  ui  characterize  the 
basic  flowfleld  and  heat  transfer  mechanisms  controlling  the  coupling  be¬ 
tween  the  acoustic  velocity  and  the  solid  propellant  combustion  zone.  This 
coupling  produces  a  substantial  effect  on  the  overall  stability  of  the  com¬ 
bustion  pressure,  yet  substantial  deficiencies  exist  in  the  current  basic 
knowledge. 

Previously  reported  measurements  of  the  oscillatory  heat  transfer 
demonstrate  that  this  coupling  is  extremely  nonlinear  at  relatively  low 
acoustic  pressures  (<  0.4Z).  The  data  also  show  that  the  current  heuristic 
model  for  velocity  coupling  (which  is  Incorporated  into  the  Standard  Stabil¬ 
ity  Prediction  Program)  is  largely  wrong;  the  differences  in  the  head-end 
and  aft-end  coupling  are  reversed  from  those  predicted  by  the  conceptual 
model. 

Radial  profiles  of  the  acoustic  velocity  have  been  Manured  at  several 
axial  stations  for  two  surface  Mach  numbers,  frequencies,  and  acoustic 
pressure  levels.  The  data,  whan  normal! ixed  to  the  head-end  acoustic 
pressure,  show  that  at  low  acoustic  pressures  (l.e. ,  0.05Z),  the  acoustic 
waves  extend  across  the  entire  cross-section  in  the  region  upstream  of  the 
transition  in  the  mean  velocity  profile,  with  nonplanar  and  nonlinear  behavior 
observed  in  the  near  surface  regions.  Downstream  of  the  velocity 
transition,  the  acoustic  waves  do  not  penetrate  through  the  near  wall  tur¬ 
bulence.  At  higher  acoustic  pressures  (l.e.,  0.4Z)  the  upstream  nonlineari¬ 
ties  Increase  in  magnitude  and  extend  across  the  entire  port.  Downstreem 
of  the  velocity  transition  the  core  nonllnaarltles  decay  while  the  linear 
component , penetrates  through  the  turbulence  to  the  wall.  These  results 
are  completely  consistent  with  the  oscillatory  hast  transfer  measurements. 

They  further  substantiate  the  large  error  in  the  conceptual  model  of  the 
fluid  mechanics  used  to  predict  velocity  coupling  effects  in  motor  stability 
predictions. 

Based  on  these  results,  some  Import mit  characteristics  of  an  improved 
velocity  coupling  model  for  linear  stability  predictions  can  now  be  formu¬ 
lated.  There  is  a  threshold  position  along  the  propellant  grain  upstream 
of  which  the  propellant  surface  responds  to  the  acoustic  velocity.  Down¬ 
stream  of  this  position,  the  propellant  does  not  respond  to  the  acoustic 
velocity.  The  threshold  position  appears  to  be  defined  by  the  growth  of 
turbulmce  in  the  flow  near  the  propellant  surface.  Wall  blowing/acoustic 
interactions  produce  surface  heat  transfer  oscillations  which  are  not 
"in  phase"  with  the  centerline  acoustic  velocity.  This  proves  that  the 
combustion  response  based  on  driving  by  the  centerline  velocity  must 
quantitatively  account  for  both  propellant  and  flowfleld  effects. 
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FLAME- ACOUSTIC  WAVE  INTERACTION  DURING  AXIAL 
SOLID  ROCKET  INSTABILITIES 

Ben  T.  Zinn,  Brady  R.  Daniel,  Jechiel  J.  Jagoda, 

Uday  Hegde  and  Subra  V.  Sankar 

Aerospace  Enginaaring, 

Georgia  Institute  of  Tacnhlogy 
Atlanta,  Georgia,  30332 

This  theoretical  and  expert mental  research  program  is 
concerned  with  the  determination  of  (!)  the  processes  which 
control  the  driving  of  axial  instabilities  by  solid  propellant 
flames  and  (2)  whether  existing  models  can  indeed  determine  the 
interactions  between  solid  propellant  flames  and  oscillatory  flow 
fields.  .  Since  experimental  investigation  of  actual  solid 
propellant  flames  is  currently  not  possible  because  of  the 
extrsmely  small  dimensions  of  their  combustion  zones,  the  present 
study  investigates  the  characteristics  of  a  premixed,  flat  flame 
stabilized  within  an  acoustic  boundary  layer  next  to  a  porous 
side  wall  in  a  specially  developed  experimental  setup,  see  Fig. 
1.  In  this  setup,  a  combustible  mixture  enters  the  duct  through 
the  porous  side  wall  and  it  burns  in  a  flat  flame  stabilized  at 
some  distance  downstreem  of  the  wall  which  permits  performing  the 
indicated  diagnostics.  Simultaneously,  the  response  of  this  flame 
to  acoustic  excitation  is  modeled  using  an  approach  similar  to 
those  utilized  to  model  the  responses  of  solid  propellant  flames. 
This  model  requires  the  steady  temperature  distribution  within 
the  flame  Tty),  the  wall  admittance  \  ,  the  acoustic  pressure  p' 
and  the  steady  wall  velocity  ?<y«0>  as  inputs  and  it  predicts  the 
normal  acoustic  velocity  at  the  boundary  layer  edge  V*  which 
determines  the  local  flame  driving.  To  check  the  validity  of  the 
developed  model,  both  the  required  input  data  and  the  predicted 
quantity  (i.e.  ,V^)  will  be  measured  and  will  be  compared  with 
the  model  predictions.  In  addition,  the  experimental  efforts  will 
investigate  the  possible  presence  of  unusual  features  such  as 
vortex  sheets,  distortions  and  turbulence  within  the  flame.  There 
studies  will  be  conducted  for  coabustible  mixtures  having 
different  compositions,  for  different  wave  amplitudes  and 
frequencies  and  for  flames  located  on  different  portions  of  the 
standing  acoustic  wave  structure. 

Todate,  the  development  of  the  theoretical  model  has  been 
completed  and  typical  predictions  of  the  distributions  of  the 
acoustic  solutions  in  the  flame  are  shown  in  Fig.  2. 
Interestingly,  these  solutions  show  that  driving  occursU.e.  ,  v^ 
increases)  in  the  region  of  the  flame  heat  release.  In  addition, 
this  model  shows  that  (1)  contrary  to  earlier  analyses,  the 
steady  shear  au/sy  cannot, be  neglected  in  the  vicinity  of 
acoustic  pressure  nodes,  <2>  periodic  vortices  are  present  within 
the  flame  and  (3)  the  flame  driving  depends  upon  the  steady 
velocity  at  the  wall,  the  wall  response  and  the  steady  state 
flame  characteristics.  Finally,  computations  were  performed  to 
determine  the  ranges  of  frequencies  and  steady  velocities  at  the 
wall  for  which  the  model  is  valid. 
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MECHANISMS  FOR  ACOUSTIC  SUPPRESSION 

Principal  Investigator:  Merrill  W.  Beckstead 
Coinvestigator:  R.L.  Raun 
Bright*  Young  University,  Provo,  Utah  86402 


Acoustic  suppressants  are  coaaonly  added  to  low  smoke  and  smokeless 
propellants  to  avoid  the  proble*  of  combustion  Instability.  Suppressants 
apparently  work  by  one  or  more  of  three  mechanisms:  (1)  energy  loss  due  to 
viscous  dissipation  due  to  drag  forces,  (2)  modification  of  the  propellant 
combustion  response  function,  or  (3)  energy  Interchange  due  to  distributed 
combustion. 

Viscous  dissipation  of  acoustic  energy  by  drag  forces  on  a  suspended 
particle  Is  the  most  coonnly  recognized  mechanism,  being  a  direct  analogy  to 
suspended  moisture  In  a  fog.  A  second  mechanism  can  occur  with  solid 
additives  within  the  propellant  that  has  a  catalytic  Influence  on  the 
combustion  response.  The  third  mechanism  contldered  Is  due  to  the  effect  of  a 
particle  burning  as  It  traverses  a  relatively  arge  portion  of  the  system.  As 
It  does  so,  the  Interchange  of  energy  between  the  burning  particle  and  the 
acoustic  environment  can  result  In  either  a  driving  or  damping  contribution  to 
the  acoustics  of  the  system.  This  third  mechanism  Is  the  primary  area  of 
study  of  the  current  contract. 

The  principle  objective  of  this  work  Is  to  Identify  and  develop  an 
iMderstandl ng  of  the  mechanisms  whereby  acoustic  suppressants  modify  an 
acoustic  wave.  Figure  1  Is  a  graphic  Illustration  of  the  approach,  some  of 
the  technical  advantages,  the  data  to  be  collected  and  the  data  analysis  to  be 
performed.  In  the  past,  T-burners  have  usually  been  used  to  make  measurements 
to  study  addltlveso  The  experimental  basis  for  the  technical  approach  of  this 
study  Is  the  Rljke  burner.  The  Rljke  burner  Is  a  gas  burner  with  a  paddle  to 
control  (stop  and  start)  combustion  oscillations,  over  frequencies  ranging 
from  500  to  1500  Hz.  The  unique  advantage  of  this  approach  (l.e.  using  the 
gas  fired  Rljke  burner),  allows  separation  of  the  three  mechanisms  mentioned 
above  by  testing  an  additive  Independent  of  the  propellant  burning  surface. 
Other  advantages  Include  avoiding  use  of  solid  propellants,  ard  allowing  for 
Independent  control  of  frequency,  0/F  ratio,  temperature  and  particle 
addition. 

Figure  2  summarizes  the  most  significant  data  obtained  during  the  past 
year.  A1  and  ZrC  are  commonly  added  to  solid  propellants  and  exhibit 
significantly  different  combustion  characteristics,  A1  being  very  reactive  and 
ZrC  slightly  reactive.  The  experimental  results  obtained  using  A1  a*d  ZrC  In 
the  Rljke  burner  (Figure  2)  Indicate  that  both  additives  do  cause  a.  crease 
In  the  acoustic  growth  rate  when  compared  to  growth  rates  obtained  wlvnout  any 
particles  In  the  system.  The  Increase  caused  by  A1  is  greater  than  that 
caused  by  ZrC.  Because  the  reaction  of  A1  releases  more  than  twice  the  energy 
ZrC  does.  It  would  be  expected  to  have  a  greater  Influence  on  the  system  than 
ZrC.  The  Increase  In  the  acoustic  growth  rate  Is  apparently  the  result  of 
energy  being  added  to  the  system  by  the  distributed  combustion  of  the 
particles. 


••  1985  ROCKET  RESEARCH  MEETING  •• 
Abstraot  35  ?g  2 


MECHANISMS  FOR  ACOUSTIC  SUPPRESSION 


How  Do  Suppressants  Work  In  Solid  Propellant  Rocket  Motors? 


Mechanisms  of  Acoustic  Suppressants 


Viscous  dissipation  due  to  drag  forces 
Modification  of  propellant  respcr.se  function 
Effect  of  distributed  combustion 


CURRENT  PROGRAM: 

•  Separate  Effects  of  Different  Mechanisms  Using 

•  Unique  Experiments 

•  The  Modified  Rljke  burner 

•  Use  gas  (eliminates  solid  propellant) 

§  Evaluate  acoustics  w/o  particles 

e  Can  feed  particles  Independently 

•  Vary  particle  type,  size  and  concentration 
r  Evaluate  reactive  or  Inert  particles 

•  Use  paddle  to  control  acoustic  growth 


Paddle 


Pirtlcles. 


t  Results 


•  Monitor  particle  combustion  with  high  speed  movies 

•  Evaluate  acoustic  growth  rates  with  and  without  particles 
e  Evaluate  mechanisms  of  reactive  versus  Inert  particles 

•  Measure  effect  of  pertinent  parameter 
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FLOW  FIELD  EFFECTS  ON  COMBUSTION  INSTABILITY 
T.J.  Chung 

Department  of  Mechanical  Engineering 
The  University  of  Alabama  In  Huntsville 

The  aain  topic  of  research  during  the  past  two  years  has  been  the 
theoretical  and  numerical  studies  of  the  coupling  mechanism  of  acoustic 
and  hydrodynamic  wave  oacillations  and  its  effects  on  combustion  instabil¬ 
ity.  The  so-called  "hydrodynamic  stability  boundary"  concept  is  well  known, 
as  illustrated  in  Fig.  la.  A  question  arises:  What  happens  if  acoustic 
oscillations  are  coupled  with  the  hydrodynamically  oscillating  system? 

To  see  this  phenomenon,  consider  the  rocket  motor  simulator  in  Fig.  lb. 
We  derive,  by  means  of  Green's  function  integrals,  an  expression  for  the 
growth  constant  in  the  forj,  ot-aA  +  dg,  where  aA  and  Og  refer  to  the  growth 
constants  corresponding  to  acoustic  and  nydrodynamic  oscillations,  respec¬ 
tively.  aA  is  a  function  of  the  mean  flow  velocity,  acoustic  pressure  and 
frequencies,  whereas  is  a  function  of  additional  variables  such  as  the 
vortical  component  of  velocity  and  hydrodynamic  (vortical)  frequencies  as 
well  as  those  for  a. .  Finite  elements  ere  utilized  for  calculations  of 
mean  flow  fields,  eigenvalue  analyses,  and  the  evaluation  of  the  growth 
constant  integrals.  For  a  given  excited  acoustic  frequency  and  Reynolds 
number,  we  plot  the  Op  versus  hydrodynamic  frequencies,  as  shown  in  Fig. 

2s  (solid  lines) .  This  information  leads  to  acoustic-coupled  hydrodyna¬ 
mic  stability  boundaries  (see  Fig.  2b) .  Similar  graphs  can  be  constructed 
for  other  combinations  of  excited  acoustic  frequencies  to  identify  the 
most  critical  cases. 

Based  on  this  research,  we  conclude  that  an  acoustic  coupling  with 
hydrodynamic  oscillations  causes  the  hydrodynamic  stability  boundaries  to 
expand  into  higher  as  well  as  lower  frequency  regions.  Furthermore,  there 
are  some  regions  of  damping  (stable)  due  to  acoustic  coupling  otherwise  un¬ 
stable.  This  phenomenon  divides  the  single  hydrodynamic  stability  bound¬ 
ary  region  into  several  (typically  three)  regions.  It  suggests  that  there 
ere  certain  combinations  of  acoustic  and  hydrodynamic  frequepcles  at  which 
stable  and  unstable  situations  arise,  and  the  method  of  analysis  described 
herein  provides  such  predictions.  Can  this  be  substantiated  by  laboratory 
measurements?  This  subject  is  considered  as  s  challenging  future  labora¬ 
tory  experimental  task. 

Other  research  activities  during  this  period  Include  particle  damping 
based  on  multi-dimensional  flow  field  analysis  and  two-dimensional  response 
function  calculations  as  listed  below. 

Chung,  T.J.  and  Sohn,  J.L.,  "Interactions  of  Ubsteady  Acoustic  and  Vortical 
Oscillations  in  Axlsynmetrlc  Cylindrical  Cavity”,  AIAA  Paper  No.  84-1635, 
1984. 

Chung,  T.J.  and  Chan,  S.K.,  "Particle  Damping  Effects  on  Combustion  Insta¬ 
bility",  AIAA  Paper  No.  84-0373.  1984. 

Chung,  T.J.  and  Kim,  P.K.,  "A  Finite  Element  Approech  to  Response  Function 
Calculations  for  Solid  Propellant  Rocket  Motors",  AIAA  Paper  No,  84-1433, 
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ROCKET  MOTOR  FLOW-TURNING  LOSSES 
Alan  S.  Hersh 

Hersh  Acoustical  Engineering,  Inc. 
Chatsworth,  CA  91311 


"Flow-turning*  losses  represent  one  of  the  least  understood  Mech¬ 
anisms  in  the  acoustic  gain  and  loss  estimates  used  in  rocket 
motor  stability  calculations.  According  to  theoretical  models  pro¬ 
posed  by  Culick,  acoustic  energy  is  absorbed  during  the  energy 
exchange  process  governing  the  interaction  between  mean  flow  and 
longitudinal  waves  within  the  interior  of  rocket  motors.  To  vali¬ 
date  his  model,  Culick  undertook  a  series  of  tests  which  proved 
inconclusive  because  of  experimental  difficulties*  A  series  of 
experimental  investigations  were  undertaken  to  provide  fundamental 
understanding  of  the  "flow-turning”  acoustic  loss  mechanisms. 

The  experimental  investigation  was  unique  in  four  important  ways. 
First,  meaningful  test  data  was  collected  using  injection  volume 
flow  rates  on  the  order  of  100  times  the  values  used  in  Culick's 
tests.  Second,  detailed  two-dimensional  surveys  of  the  mean  and 
acoustic  profiles  across  the  injection  test  section  were  conducted 
Third,  the  effects  of  mean  flow  turbulence  were  removed  by  signal 
processing.  And  fourth,  acoustic  energy  flux  losses  across  the 
injection  test  section  were  directly  measured.  The  accuracy  of  the 
acoustic  energy  flux  measurements  will  be  improved  this  year  by 
conducting  hot-wire  measurements  of  the  acoustic  particle  velocity 
across  the  injection  test  section. 

Figure  1  is  a  schematic  of  the  experimental  facility.  Sound  was 
introduced  at  one  end  of  the  faciltiy.  Uniform  transverse  flow  was 
injected  into  the  test  section  through  individual  air  plena.  This 
was  necessary  to  compare  the  test  results  to  theoretical  models 
which  assume  uniform  transverse  injection  rates.  The  amplitude  and 
phase  of  the  sound  pressure  within  the  test  section  was  measured 
using  the  probe  tube  arrangement  shown.  The  measurement  program 
consisted  of  measuring  the  sound  pressure  within  the  test  section 
as  a  function  of  lateral  injection  flow  rate.  The  idea  here  is 
that  if  "flow-turning"  losses  indeed  absorb  sound,  then  the  sound 
pressure  amplitude  should  decrease  with  increasing  injection  flow. 

Figure  2  summarizes  the  current  findings  of  the  study.  The  symbols 
represent  the  measured  acoustic  energy  flux  losses  across  the 
injection  test  section. as  a  function  of  injection  flow  rate.  The 
solid  line  represents  an  one-dimensional  estimate  of  the  acoustic 
losses  while  the  dashed  line  represents  a  refraction  corrected 
one-dimensional  estimate. 

It  is  clear  that  the  "flow-turning"  process  absorbs  sound.  The 
measurements  show  that  most,  if  not  all,  of  the  energy  absorption 
takes  place  at  the  finite  admittance  side  wall  panels.  A  reason¬ 
ably  accurate  one-dimensional  model  of  the  sound  energy  absorption 
was  derived  providing  the  efficiency  of  the  sidewall  panel  absor¬ 
ption  was  increased  due  to  injected  mean  flow  gradients/rafraction 
amplification  of  the  local  sound  pressure  at  the  sidewalls.  The 
refraction  effects  are  clearly  two-dimensional  and  wore  incorpor¬ 
ated  in  an  ad-hoc  manner  into  the  one-dimensional  model.  The 
identification  of  the  redistribution  of  the  sound  pressure  is  new, 
at  least  in  rocket  motor  stablility  calculations,  and  many  have 
important  applications  to  other  rocket  motor  stability 
mechanisms. 


SECTION 


Figure  1.  Schematic  of  the  Flcw-Turning  Test  Facility 


Acoustic  Energy  Losses  Across  Injection  legion  -  dl 
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OVERVIEW:  AFOSR  INTERESTS  IN  ROCKET  PROPULSION 
Leonard  H.  Caveny 

Air  Poroe  Office  of  Scientific  Research 
Bolling  AFB 

Washington ,  DC  20332-6448 

Rocket  propulsion  requirements,  both  present  and  planned,  present  important 
challenges  that  are  not  addressed  adequately  by  present  technologies.  Future 
propulsion  systeas  aust  be  improved  to  assure  that  the  winning  edge  Is 
aalntalned.  As  the  conventional  propulsion  technology  natures,  the  need 
persists  to  attain  yet  another  round  of  perforaanee  gains.  Thus,  tbs  technology 
challenges  become  even  greater  since  the  obvious  advene eaents  are  being 
Implemented.  Also,  broad  classes  of  probleas  (e.g.,  oosts,  hazards,  combustion 
instability,  service  life,  signature,  low-teaperature  structural  integrity, 
light  weight  t hemal  protection)  are  never  solved  entirely  and  recur  often  ad 
iaportant  considerations  (and  coaproolsea)  prior  to  propulsion  aystea 
qualification. 

Powerful  aotivations  continue  for  basic  research  on  topics  such  as  reaoting 
flows,  energetic  Rate  rials,  stability,  refractory  Bate  rials,  and  propulsive 
processes.  Many  phenomena,  not  explained  adequately,  are  aoooaaodated  by 
specifio  designs.  Periodically,  this  lack  of  understanding  is  the  precursor  to 
major  setbacks.  Clearly,  rocket  no  tor  processes  present  scientific  challenges 
suggesting  that  properly  conceived  research  will  continue  to  provide  the 
foundation  for  higher  perforaanee,  reduced  risk,  lower  development  oosts,  longer 
service  life,  etc. 

This  nesting  is  the  first  review  following  the  increased  eaphasis  in  advanced 
energetic  Rate  rials.  Accordingly  sons  introductory  consents  will  be  provided  by 
several  of  the  investigators  to  help  put  portions  of  this  research  into 
perspective. 

The  recent  eaphasis  on  space  and  the  reusable  launch  vehicle  capability  to  low 
Barth  orbit  present  new  considerations  for  advanced  propulsion  for  orbit 
transfer.  Transferring  the  projected  large  payloads  using  conventional 
propulsion  lapoaes  severe  llaltatlons  on  the  ai salons.  For  example,  70$  of  the 
Rasa  delivered  to  low  Barth  orbit  say  be  the  ebeaieal  propulsion  aystea  required 
to  raise  the  other  30$  (i.e.  the  aotlve  payload)  to  geosynchronous  Earth  orbit; 
nonoonventlonal  propulsion  offers  the  promise  of  reversing  this  ratio  of 
propulsion  and  payload  nesses.  The  technology  Issues  are  necessarily  complex; 
controversial  approaches  are  to  be  expected.  Much  of  the  research  is  coupled  to 
optlaistio  projections  for  technological  advanoes  by  the  1995  to  2000  tins 
period. 

The  Wednesday  afternoon  session  treats  fundaaental  processes  related  to  beamed 
energy  and  solar  propulsion,  i.e.,  radiation  transmission  and  absorption  in 
flowing  aedla,  plasma  initiation,  and  chaaber  configurations.  The  immediate 
advantage  of  beaaed  and  solar  energy  is  high  specific  impulses  obtained  by  using 
low  aolecular  weight  working  fluids  heated  by  external  power  sources  to 
temperatures  greatly  above  ooabustion  gas  temperatures.  The  premise  of  the 
beaaed  energy  approach  is  that  suitable  aegawatt  laser  sources  will  be  available 
and  Justified  for  applications  other  than  propulsion.  Recent  studies  support  . 
the  thesis  that  ground  based  free-electron  lasers  operating  at  suitable  short 
wave  lengths  will  enable  attractive  transmission  efficiencies  and  compact 
collection  optioa. 
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The  Thursday  aorning  session  on  electric  propulsion  emphasizes  concepts  which 
lend  themselves  to  sustained  operation  at  aegawatt  power  levels.  This 
represents  a  major  departure  froa  aillinewton  thrust,  pulse-aode  eleotrio 
propulsion  considered  for  station  keeping  or  planetary  probes,  e.g.,  Billisecond 
pulses  driven  by  a  capacitor  bank  charged  by  a  dedicated  kilowatt  power  source. 
Present  aission  analyses  are  exploring  the  dual  node  premise  of  the  aegawatt 
nuclear  power  supply  onboard  for  the  anin  aission  being  available  for  propulsion 
power.  Thus,  propulsion  does  not  take  all  the  weight  penalty  for  the  power 
source.  When  large  total  impulses  are  required,  thruster  mass  is  aaall  compared 
to  the  fuel  aass;  thus,  a  premium  is  placed  on  increasing  fuel  efficiencies  and 
the  low  thrust  densities  of  the  thrusters  become  less  important.  Electrode  and 
insulator  lifetiaes  have  been  identified  as  primary  barriers  to  sustained,  high 
power  density  operation  of  magnetoplasaadynaaic  thrusters.  Accordingly , a  aajor 
portion  of  the  research  is  directed  at  aass  loss  mechanisms  and  conditions 
leading  to  abusive  environments  and  inefficient  operation. 

Aaple  opportunity  exists  for  new  approaches.  During  the  last  year,  several 
investigations  into  the  synthesis  of  energetic  ingredients  were  initiated; 
complementary  research  is  needed  to  improve  the  characterization  techniques  for 
these  higher  energy  (and  more  temperamental)  ingredients  and  propellants.  Good 
progress  is  being  aade  on  understanding  the  origins  of  combustion  instability; 
aore  attention  must  be  given  to  the  aechanisaa  of  deliberate  suppression.  The 
advent  of  quantitative  flow  visualization  for  turbulent  reacting  flows  has  not 
been  accompanied  by  corresponding  theoretical  treataents  to  fully  exploit  array 
data,  capable  of  revealing  rapid  evolution  of  flow  structure  and  flame  fronts. 
The  remarkable  advanoes  in  optical  diagnostic  techniques  present  new  approaches 
to  investigate  plasma  flows  which  must  be  understood  and  controlled  under 
magnetoplaamadynamio  and  beamed  energy  thruster  conditions.  The  research  on 
life  limiting  processes  which  occur  at  the  surfaces  of  eleotrodes,  electrical 
insulators,  and  refractories  will  benefit  from  advances  in  remote  sensing  of 
surface  temperatures,  composition,  and  structure.  Spaoe  missions  will  present 
entirely  new  autonomous  operation  challenges;  a  theoretical  basis  must  be 
established  to  anticipate  and  guide  the  advances  in  sensors,  adaptive  control , 
thruster  configuration  options,  etc.  Sustained  megawatt  operation  of  space 
thrusters  will  be  limited  by  the  inability  to  reject  heat;  research  is  needed  to 
enable  advanoes  in  light  weight  radiators  and  thermal  management  systems.  ,  He 
will  welcome  discussion  on  these  and  other  topics  pertinent  to  the  Air  Force 
basic  research  program  on  energy  conversion. 
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INTERACTION  OF  MULTI-DIMENSIONAL  MEAN  AND  ACOUSTIC 
FIELDS  IN  SOLID  ROCKET  COMBUSTION  CHAMBERS 

Joesph  D.  Baum  and  Jay  N.  Levine 
Air  Force  Rocket  Propulsion  Laboratory /DYCR 
Edwards  AFB,  CA  93523-5000 

The  objective  of  the  present  research  project  is  to  seek  chi  understanding  of  the 
physical  mechanisms  by  which  energy  is  exchanged  between  the  mean  and  acoustic  flow 
fieMs  in  resonance  combustion  chambers  (in  particular,  solid  rocket  motors).  These 
processes  which  have  the  potential  of  contributing  significantly  to  the  growth  or  decay  of 
pressure  oscillations  in  solid  rocket  chambers,  have  been  the  subject  of  much  speculation 
in  the  past,  but  have  never  been  thoroughly  investigated.  Specifically,  the  phenomena  to 
be  investigated  are  the  interaction  between  the  acoustic  field  in  a  chamber  and  a  free 
shear  layer  (i.e.,  vortex  shedding)  and  the  so  called  "flow  turning  effect"  (i.e.  energy 
transfer  between  the  acoustic  field  in  the  combustor  and  the  mean  flow  of  combustion 
products  entering  the  chamber  parallel  to  its  axis).  The  presentation  this  year  will  detail 
efforts,  to  date,  to  develop  the  computational  capability  to  properly  address  such 
problems  via  a  solution  of  the  compressible,  turbulent,  time  dependent  Navier-Stokes 
equations,  and  will  report  progress  made  toward  the  understanding  cf  flow  turning  and 
acoustic  refraction  (which  results  from  the  interaction  between  sound  waves  and  a 
coexisting  mean  sheared  flow,  as  shown  in  Figs  la  and  lb  for  downstream  and  upstream 
wave  propagation,  respectively). 

Acoustic  refraction  effects  had  to  be  investigated  since  they  result  in  redistribution 
of  acoustic  pressure  and  velocity  (and  thus  acoustic  energy)  in  the  radial  direction.  When 
sound  waves  travel  with  the  sheared  mean  flow  in  a  combustion  chamber,  acoustic 
refraction  results  in  increase  of  acoustic  pressure  and  velocity  near  the  burning  propellant 
surfoce  thereby  enhancing  the  propellant  burning  rate  (due  to  the  coupling  between  the 
pressure  and  velocity  fields  and  the  burning  rate  of  the  propellant).  This  results  in  further 
enhancement  of  acoustic  energy  production,  in  contrast  with  the  coexisting  phenomenon 
of  acoustic  energy  dissipation  that  results  from  acoustic  energy  absorption  by  the 
incoming  flow  of  combustion  products. 

A  computer  program  was  developed  to  solve  the  time  dependent,  turbulent, 
compressible  Navier-Stokes  equations  that  describe  the  flow  in  a  comDustion  chamber  and 
a  hard  wall  tube  (utilized  to  study  the  phenomenon  of  sound  wave  propagation  in  a 
coexisting  sheared  mean  flow).  Studies  were  conducted  to  evaluate  explicit  versus 
implicit  codes  (implicit  was  chosen  as  more  computationally  efficient)  and  proper 
definition  of  the  boundary  conditions.  The  results  obtained  in  the  acoustic  refraction 
study  demonstrate  significant  distortion  of  the  initially  plane  waveform  as  the  wave 
traverses  the  tube  length,  as  shown  in  Figs  2a  and  2b  for  the  pressure  and  axial  acoustic 
velocity,  respectively.  After  600  time  steps,  when  the  solution  is  terminated,  the 
amplitude  of  the  acoustic  pressure  at  the  wall  is  39.5%  larger  than  at  centerline,  while 
the  amplitude  of  axial  velocity  oscillations  near  the  wall  is  31%  larger  than  at  centerline. 
The  results  for  downstream  propagation  demonstrate  significant  increase  of  acoustic 
pressure  and  velocity  near  the  wall  with  respect  to  the  corresponding  values  at  the 
centerline.  For  upstream  propagation  the  reverse  phenomena  occurs.  Additional  results 
demonstrate  that  acoustic  refraction  effects:  a)  increase  with  frequency;  b)  increase  with 
Mach  number;  c)  are  higher  for  upstream  wave  propagation;  d)  are  significantly  lower  than 
predicted  by  classical  acoustic  theory;  and  e)  acoustic  refraction  effects  which  have  not 
been  previously  considerd  in  motor  stability  analysis,  should  be  included  in  the  models.  To 
the  best  of  our  knowledge,  these  are  the  first  solutions  demonstrating  acoustic  refraction 
effects  that  are  obtained  through  solution  of  the  complete  Navier-Stokes  equations. 
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Rg.  I.  (a)  Schematic  of  Downstream  Sound  Propagation; '(b) 
Schematic  of  Upstream  Sound  Propagation* 
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NOKUIMENSIOMAL.  ACOUSTIC  PRESSURE 


Fig.  2#  Time  Evolution  of  the  Rodial  Distribution  of 
Acoustic. Pressure,  f=6000  Hr,  Mcj.  =  0.1,  Downstream 
Propagation. 


Fig.  2bTime  Evolution  of  the  Rodial  Distribution  of 
Acoustic  Axial  Velocity,  f=6000  Hr,  Mcj,  =  0.1, 
Downstream  Propagation. 
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LASER  THERMAL  PROPULSION 

Dennis  Keefer,  Carroll  Peters, 

Herbert  Crowder  and  Richard  Welle 
Center  for  Laser  Applications 
University  of  Tennessee  Space  Institute 
Tullahoma,  Tennessee  37388 

Laser  sustained  plasmas  (LSP)  have  been  proposed  as  a  means  of 
converting  beamed  energy  from  a  remotely  located  l?ser  to  provide  efficient 
propulsion  for  orbital  transfer.  Successful  Implementation  of  this  concept 
requires  that  the  detailed  energy  conversion  processes  that  control  plasma 
stability  and  fractional  energy  absorption  within  the  LS?  be  thoroughly 
understood.  An  experimental  study  of  these  mechanisms  Is  being  conducted 
using  argon  plasmas  sustained  by  a  continuous  wave  carbon  dioxide  laser  In 
a  controlled,  farced  convection  flow.  Detailed  measurements  of  the  plasma 
temperature  field  are  obtained  using  digital  Images  of  the  plasma  continuum 
radiation  within  a  narrow  spectral  wavelength  band.  Using  the  measured 
temperature  field,  the  Interaction  among  the  absorbed  laser  power,  thermal 
conduction,  and  thermal  radiative  transfer  can  be  calculated  at  each  point 
within  the  plasma. 


Experiments  have  now  been  performed,  using  both  8-1nch  and  12-Inch 
focal  length  lenses  at  Incident  power  levels  to  1  kW,  pressures  from  1  to 
3  atm.  and  flow  velocities  to  21.4  cm/s.  The  data  has  been  reduced  to 
provide  the  measured  temperature  fields  for  most  of  these  experiments,  but 
the  calculation  of  absorbed  laser  power  was  delayed  by  the  need  to  perform 
real-ray  analyses  of  the  focusing  optics  to  account  for  spherical  aberrations. 
One  of  the  most  Important  questions  concerning  LSP  behavior  was  the  effect  of 
forced  convective  flow,  since  no  previously  reported  experiments  were 
performed  under  these  conditions.  It  was  found  from  our  experiments  that, 
at  a  given  condition  of  pressure.  Incident  power  and  focusing  geometry,  the 
LSP  Is  relatively  Insensitive  to  the  Incident  flow  velocity.  This  can  be 
ueen  from  Figure  1  where  Images  of  the  plasma  have  been  computer  enhanced 
to  show  the  Isoradiance  contours.  The  plasma  shape  and  volume  remain 
nearly  constant,  and  the  principal  effect  of  Increased  velocity  Is  to  move 
the  plasma  closer  to  the  focal  plane.  No  Instability  of  the  LSP  has  been 
observed  as  a  result  of  forced  convective  flow. 

For  the  range  of  parameters  which  we  have  studied  to  date,  the  LSP  was 
*ound  to  be  most  sensitive  to  pressure  and  to  the  focal  length  of  the  lens. 
'<nese  effects  can  be  seen  In  Figure  2.  These  data  were  acquired  at  a 
constant  volume  flowrate  of  3.2  standard  llters/mln  using  the  8-1nch  focal 
length  lens,  and  shows  that  the  plasma  radiance  Increases  with  pressure, 
reaching  a  maximum  at  about  2  atm.  The  sequence  of  Images  In  Figure  2b 
was  obtained  at  the  same  conditions  except  that  the  12-Inch  focal  length  lens 
was  used.  In  this  sequence,  the  maximum  radiance  Is  smaller,  and  occurs  for 
a  pressure  of  1.7  atm.  As  the  pressure  Is  Increased,  the  plasma  moves 
closer  to  the  lens  and  decreases  In  length  until  It  becomes  unstable  and 
extinguishes.  This  result  Is  somewhat  surprising  since,  as  a  result  of 
reduced  spherical  aberrations,  the  peak  Intensity  of  the  laser  beam  Is 
greater  for  the  12-Inch  lens.  Further  explanation  of  this  effect  must 
await  the  detailed  analysis  of  the  laser  beam  absorption  within  the  LSP. 
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a.  The  sequence  ms  obtained  using  the  8-1nch  focal  length  lens 


b.  The  sequence  ms  obtained  using  the  12-Inch  focal  length  lens 


Figure  2.  The  effect  of  pressure  for  two 
different  focusing  lenses. 
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ANALYTICAL  MODELING  OF  STRONG  RADIATION 
GAS-DYNAMIC  INTERACTION 

Charles  L.  Her  Ida 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

The  principal  objective  of  this  research  pro gras  is  to  determine  the 
dominant  characteristics  of  the  interaction  between  a  high  power  laser  beam 
and  a  flowing  gas.  The  sat hod  of  investigation  Is  by  nunerloal  analysis 
with  primary  emphasis  on  the  steady  two-dimensional  problem.  The 
one-dimensional  problem  and  the  stability  characteristics  of  ths 
interaction  are  also  being  considered.  The  geometry  of  Interest  is  ths 
convergent  portion  of  a  converging-diverging  no  axle.  This  geometry,  along 
with  the  major  physloal  phenomena  included  in  the  analysis,  is  shown  in 
Pig.  1.  In  particular,  the  analysis  includes  ths  effeota  of  a  converging 
laser  beam  with  an  arbitrary  Intensity  profile.  (Present  calculations  are 
using  a  Gaussian  beam.)  The  mass  flow  through  the  no  axle  is  fixed  by  the 
hack  pressure  when  the  no  axle  is  unchoked,  end  by  the  oho  king  condition 
when  the  no  axle  is  operated  superoritioally.  Real  gas  properties, 
including  viscosity  and  thermal  oonduotivlty,  corresponding  to  those  of 
equillbrlta  hydrogen  are  used  for  all  thermodynamic  variables.  Gas 
abecrptivlties  corresponding  to  hydrogen  assdant  mixtures  have  been  chosen 
for  the  calculations  to  date.  The  location  of  the  heat  absorption  sons  and 
the  fraction  of  power  absorbed  are  found  by  satisfying  the  oomplete 
conservation  laws. 

Ths  nueerlael  procedure  is  a  llnaarlsed,  block  inplloit  time-dependent 
scheme.  To  ensure  accurate  mass  and  energy  balanoee,  both  the  fluid 
aquations  and  the  radiation  equation  are  expressed  in  fully  conservative 
form.  Boundary  conditions  are  expressed  in  proper  characteristics  form, 
and  all  calculations  are  done  in  a  body-fitted  oocrdinate  system. 

Some  representative  results  of  a  parametric  study  currently  in 
progress  are  shown  on  Pig.  2.  These  calculations  represent  the  first  ever 
two-dimensional  analysis  or  the  laser  absorption  problem.  The  left  side  of 
Pig.  2  shows  temperature  contours  for  three  different  laser  powers.  Note 
that  the  heating  sons  exhibits  steeper  gradients  in  the  radial  than  in  ths 
axial  direction.  Per  the  oonditions  computed,  much  of  the  absorption  is 
accomplished  in  the  diverging  port  of  the  beam,  but  the  resulting 
interaction  remains  stable.  The  fraction  of  laser  power  absorbed  in  these 
oases  ranges  from  50  to  70S.  The  fractional  power  absorbed  can  be 
increased  and  the  heat  addition  sons  can  be  moved  forward  by  raising  ths 
stagnation  pressure  or  ths  book  pressure  or  by  further  increases  in  the 
laser  power. 

The  variation  in  ths  oross-beam  intensity  is  shown  on  the  right  side 
of  Pig.  2.  At  and  near  the  nosale  inlet  (x*0  and  0.5)  it  remains  Gaussian, 
but  preferential  absorption  by  the  hotter  gases  on  the  axis  destroys  the 
Gaussian  shape  toward  the  end  of  the  no  sale.  At  the  exit,  almost  ths 
entire  amount  of  energy  on  the  centerline  has  been  absorbed,  but 
substantial  power  remains  la  ths  outer  portions  as  seen  by  the  x-1.5  curve. 
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Experimental  Studies  of  Laser-Sustained  Argon  Plasmas 
For  CW  Laser  Propulsion  Applications 

Herman  Krier  and  Jyoti  Mazumder 
University  of  Illinois  at  Urbena-Champaign 

Experimental  studies  of  laser-sustained  plasmas  in  pressurized 
flowing  argon  are  now  underway.  Figure  1  presents  preliminary 
global  absorption  data,  as  measured  calorimetrically,  over  a  range 
of  laser  power  for  air  and  argon  at  1.1  atm.  Such  absorption  data 
for  flowing  argon  at  these  power  levels  has  not  been  presented 
before. 

The  data  shows  strong  laser  energy  absorption  by  argon, 
approaching  80%  at  higher  powers.  The  argon  absorption  is 
considerably  stronger  than  that  of  air,  due  mainly  to  its  higher 
absorption  coefficient.  The  absorption  coefficient  of  air  is 
degraded  by  the  presence  of  extraneous  species  with  larger 
electron  collisional  cross  sections.  These  tend  to  deexcite  free 
electrons  and  lower  electron  temperature,  reducing  inverse 
Brehmsstrahlung  absorption,  the  dominant  absorption  mechanism. 

The  data  also  indicates  a  tendency  for  global  absorption  to 
rise  with  laser  power.  This  is  most  likely  a  geometric  effect. 
Total  absorption  depends  both  on  absorption  coefficient  and  on 
plasma  size.  Plasma  size  is  an  eigenvalue  solution  of  the  steady 
state  energy  balance  equations  (see  Fig.  2),  producing  a  finite 
plasma  size  for  a  given  laser  power  and  flow  conditions.  As  laser 
power  increases,  the  plasma  size  and  therefore  the  absorption 
length  grow,  causing  a  net  increase  in  global  absorption. 

The  data  also  suggests  asymptotic  behavior  at  high  power  (see 
Fig.  2b).  As  laser  power  increases,  the  plasma  grows  until  it 
reaches  a  point  where  radiative  losses  from  the  enlarged  surface 
area  offsets  the  increase  in  power,  preventing  further  growth  in 
absorption  length.  Thus  there  is  probably  an  upper  limit  to 
absorption  percentage,  depending , largely  on  beam  geometry  and 
radiative  behavior. 

Minimum  maintenance  powers  are  also  indicated.  One  reason  for 
the  difference  is  again  the  lower  absorption  coefficient  of  air 
(see  Fig.  2c).  Near  plasma  extinguishment,  the  plasma  is  held 
near  the  focal  volume,  where  absorptive  area  and  length  are 
comparable  for  the  two  gases.  Since  the  absorption  coefficient  of 
argon  is  higher,  it  can  be  maintained  at  the  focus  at  lower  power 
levels.  Minimum  powers  will  be  lower  once  our  optics  are 
optimized,  and  when  higher  gas  pressures  are  used. 

The  dashed  line  above  the  argon  data  represents  an  analytic 
correction  for  the  heated  gas  that  becomes  trapped  in . our 
calorimeter;  it  is  based  on  thermocouple  readings  taken  inside 
the  calorimeter.  Actual  measurements  of  the  correction  factor  are 
now  being  made  using  calorimeter  windows. 

In  addition  to  these  absorption  studies,  we  are  currently: 

1)  examining  plasma  initiation  using  targets  and  aerosols,  2) 
producing  detailed  temperature  and  number  density  measurements  in 
the  plasma  core  using  spectroscopic  relative-line-intensity  and 
line-broadening  techniques,  3)  extending  the  temperature  data 
downitream  using  infrared  thermography  and  thermocouple  grids,  and 
4)  developing  an  LIF  diagnostic  system  for  studying  convective 
mixing  behavior. 
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Figure  1  Hcasurwaonts  of  fnetloiwl  onorgy  absorption 

versus  pouer  for  plasaas  In  argon  and  air.  The 
da i had  lino  la  an  analytical  correction  for 
hot  gaa  that  builds  up  insido  the  calorimeter. 


/  i!  \ 


**  1985  8JCKBT  RESEARCH  M8ETIHG  •• 
Abstract  42  Pg  3 


Pig.  2a  Physical  aechanlaas  affecting  tha  anacgy  balanca  of  tha  LSP. 

Tha  plasaa  atabi lisoa  at  a  point  in  tha  focused  boas  where 
tha  absorbed  power  aquals  all  loss  nachanissis. 


Pig  2b  Zncraasad  radiativa  losses 
duo  to  larger  surface  area  offsot 
incraaaas  in  laaac  power  and  fix 
an  upper  lialt  to  plasaa  siaa  and 
global  absorption  fraction. 


Pig  2c  Near  plasaa  extinguishment, 
absorption  area  snd  langth  are  flxad 
by  tha  focal  voluae.  Thus,  ainiaua 
aaintananea  power  is  a  function  of 
absorption  coefficient  only. 
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lihzar  and  saturated  absorption  of  laser  radiation  in  heated  gases 

Robert  H.  Krech,  Lauren  H.  Cowles, 

George  E.  Caledonia  and  David  I.  Rosen 
Physical  Sciences  Inc. 

Dascosb  Research  Park,  P.0.  Box  3100 
Andover,  MA  10810 

The  physical  processes  involved  in  heating  the  working  fluid  of  a  rocket 
engine  with  a  high  power  CM  laser  beaa  can  be  sisply  described.  The  gas  is 
injected  into  the  stagnation/absorption  zone  at  a  temperature  most  probably 
determined  by  regenerative  cooling  requirements.  As  the  gas  flows  toward  the 
throat  it  is  heated  by  absorption  of  laser  radiation.  Kith  hydrogen  as  the 
primary  propellant  constituent,  the  equivalent  of  nine  10.6  ym  photons  per 
aolecule  must  be  absorbed  to  reach  a  stagnation  condition  that  yields  a  speci¬ 
fic  Impulse  of  -1000  s. 

The  absorption  scheme  originally  considered  requir-d  the  laser-induced 
breakdown  of  the  Hg  "fuel"  followed  by  the  formation  of  a  stable  laser- 
supported  combustion  (LSC)  wave.  The  principle  absorption  mechanism  in  this 
case  is  inverse  electron  bremsstrahlung  which  requires  significant  ionization 
levels  in  the  gas.  For  pure  Hg,  ionization  becomes  significant  at  -10,000  K 
with  the  development  of  a  stable  LSC  wave  requiring  temperatures  of  -20,000  K. 
It  has  been  suggested  that  the  introduction  of  alkali  seeds,  which  will  begin 
to  thermally  ionize  at  tempera ture s  of  -3000-3500  K,  would  allow  operation  at 
temperatures  of  <10,000  K,  thus  providing  a  less  severe  thermal  environment 
for  thruster  design. 

Although  the  use  of  alkali  seeds  appears  promising,  an  LSC  wave  mechanism 
is  required  to  heat  the  gas  to  T  -3000-3500  K  to  initiate  alkali  ionization. 
Alternatively,  other  "seed"  molecules  can  absorb  the  laser  radiation  via 
vibration-rotation  band  transitions.  Such  absorbing  molecules  can  provide  for 
gas  heating  to  temperatures  of  -3000-3500  K,  so  that  heating  from  the  ini¬ 
tially  "cold"  gas  to  stagnation  conditions  can  be  continuous  rather  than 
through  laser- induced  breakdown.  Furthermore  if  such  species  can  absorb  to  T 
•4500-5000  K,  then  specific  impulses  of  1000-2000  s  can  be  achieved  without 
the  need  for  ionization  (and  thus  alkali  seeds}. 

The  present  program  has  been  directed  towards  studying  the  absorption 
properties  of  potential  "nigh  temperature"  molecular  absorbers  over  the  tem¬ 
perature  range  of  1000-3500  K  and  at  COj  (-10.6  ym)  and  DF  (3.8  ym)  laser 
wavelengths.  These  measurements  have  been  performed  behind  incident  and 
reflected  shockwaves.  Species  studied  to  date  include  HjO,  COj ,  NH3,  SFg  and 
Nr 3.  Small  signal  (linear)  absorption  coefficients  have  been  measured  for 
these  species  (including  effects  due  to  dissociation  fragments).  These  mea¬ 
surements  have  been  performed  under  pressure  and  temperature  conditions,  and 
within  non-equilibrium  chemical  kinetic  regimes,  appropriate  to  the  propulsion 
application.  In  addition  observations  of  saturation  phenomena  in  the  inten¬ 
sity  range  of  103-106  W/cm2  have  been  performed  at  COj  leser  wavelengths  for 
the  species  COj  and  NH3. 

A  brief  overview  of  the  technical  issues  involved  and  research  approach 
used  to  address  these  issues  is  provided  in  Figure  1.  Figure  2  provides  a 
summary  of  our  sauill  signal  absorption  observations  for  the  COj  P(20)  transi¬ 


tion 


INFRARED  LASER  ENERGY  ABSORPTION  BY  8EE0  MOLECULES 
IN  WORKING  FLUID  OF  CW  THRUSTERS 
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Energy  deposition  of  pulsed  one  micron 

LASER  RADIATION  IN  K2  AND  AR 
David  I.  Rosan  and  Nalaon  H.  Kemp 

Physical  Sciences  Inc. 

Dascoab  Research  Park 
P.O.  Box  3100 
Andover,  MA  01810 

In  RP  (repetitively-pulsed)  laser  propulsion  the  propellant  energy  is 
supplied  by  the  absorption  of  short,  repetitive  laser  pulses  beaaed  to  the 
thruster  froa  a  reaote  laser  power  station.  In  the  RP  thruster  concept  shown 
in  Figure  1  parabolic  nozzle  walls  focus  the  incoaing  beaa  to  yield  propellant 
breakdown  at  the  focal  point  of  this  parabola.  Depicted  scheaatically  in 
Figures  la  to  Id  are  the  four  principal  stages  in  the  operation  of  the  pulsed 
laser-heated  thruster:  (1)  ignition/breakdown,  (2)  post-breakdown  plasaa 
absorption  and  growth  under  the  influence  of  the  laser  radiation  field, 

(3)  blast  wave  propagation  into  the  surrounding  gas,  and  (4)  late-tiwi  expan¬ 
sion  and  cooling  of  the  laser-heated  gas. 

In  a  previous  study  at  PSI  experimental  and  theoretical  Investigations  of 
laser-induced  gas  breakdown  at  short  laser  wavelengths  (<  1  pm)  were  carried 
out  for  a  variety  of  propellant  gas  candidates.  The  results  of  those  studies 
have  helped  to  establish  the  threshold  irradiances  required  to  initiate  an 
optically  absorbing  plasaa  and  the  scaling  of  those  irradiances  with  gas  den¬ 
sity,  pulse  duration,  and  concentration  of  low  ionization  potential  additives. 
With  the  Ignition/breakdown  criteria  thus  established,  the  next  step  was  to 
evaluate  the  subsequent  laser  energy  deposition  that  occurs  in  the  post¬ 
breakdown  plasaa. 

In  the  present  study,  we  have  performed  experiments  to  investigate  the 
degree  of  laser  optical  absorption  and  the  resulting  plasaa -dynamics  which 
occurs  when  high  energy  pulses  of  1.05  |ja  laser  radiation  are  focussed  into 
various  gases  at  focal  intensities  above  the  breakdown  threshold  (lOlO-IO*2 
H/ca2). 

The  amount  of  laser  energy  absorbed  into  the  gas  was  inferred  froa  a 
combination  of  experiaental  measurements  and  computer  modeling  calculations. 

In  the,  experiments,  the  laser  beam  attenuation  was  found  by  optical  transmis¬ 
sion  asasureaents ,  and  the  shock  wave  trajectory  was  measured  froa  time- 
re solved  interferometric  measurements.  A  computer  aodel  of  quasi-one  dimen¬ 
sional  flow  was  adapted  to  calculate  spherical  expansion  of  a  heated  gas 
sphere.  Including  theraochealcal  equilibrium.  The  measured  shock  trajectories 
were  coapared  with  the  calculated  ones  to  infer  the  energy  absorbed  by  the  gas 
froa  the  laser.  Details  of  the  work  will  be  discussed  in  the  talk  to  be  pre¬ 
sented. 

A  suaaary  of  the  results  based  on  our  preliminary  analysis  can  be  found 
in  Figure  2  for  hydrogen  and  argon.  The  results  indicate  that,  under  appro¬ 
priately  chosen  conditions,  conversion  efficiencies  of  pulsed  laser  energy  to 
blast  wave  energy  can  be  achieved  that  approach  100%.  The  data  analysis  also 
revaala,  however,  that  a  proper  treatment  of  'real  gas*  effects,  i.e.,  energy 
partitioning  into  internal  degrees  of  freedom  of  the  gas,  is  essential  to  any 
modeling  analysis. 


RESSURE  (ATM) 

tion  HtisuriMnU  In  Argon  and  Hydrogen 


••  1985  ROCKET  RESEARCH  MEET I KG  *• 
Atstraot  45  Pg  1 


ADVANCED  ENERGY  CONVERSION  CONCEPT  TOR  MICROWAVE  BEAMFX- ENERGY  PROPULSION 

Professor  Lsik  H.  Myrabo 
Department  of  Mechanical  Engineering , 

Aeronautical  Engineering  &  Mechanics 
Rensselaer  Polytechnic  Inatitute 
Troy,  New  York  12180 

The  principal  objective  of  this  study  is  to  perform  basic  research  investiga¬ 
tions  on  an  Innovative  electrostatic  force  generation  principle.  Basically, 
microwave  energy  is  beamed  directly  to  remote  RF  linear  accelerators  (LINAC) 
enclosed  by  a  specially-shaped  envelope/body  within  a  planetary  atmosphere.  A 
number  of  low  current  (1A  peak,  100  mA  average)  5  MeV  LINACs  eject  free-elec- 
tron  charge  to  a  distance  of  5  to  10  m  from  the  body,  thereby  establishing  a 
"charge  cloud"  and  resultant  high  electric  field  between  the  cloud  and  body. 

In  less  than  a  microsecond,  those  free  electrons  attach  to  previously  neutral 
oxygen  and  water  molecules  (forming  negative  ions),  and  drag  the  largely  neu¬ 
tral  air -mass  "cloud"  back  to  the  body  which  is  now  positively  charged.  Force 
generation  is  postulated  to  occur  on  a  millisecond  time  scale,  and  may  be 
limited  to  some  extent  by  ion-slip  processes.  As  shown  in  Figure  1,  repeti¬ 
tively-pulsed  operation  (e.g. ,  1000  Bs)  of  the  LIHACs  could  give  rise  to 
quasi-steady  electrostatic  forces,  which  accelerate  the  air-mass  working  fluid 
within  a  stream  tube  of  a  glvrai  capture  area  —  as  established  by  the  radius  of 
the  E-beam  at  the  point  of  maximum  range  from  the  accelerator. 

The  research  program  proposes  to  examine  the  physics  of  global  body  electrosta¬ 
tic  charging  and  artificial  atmospheric  charging,  formulate  a  model  for  elec¬ 
trostatic  force  generation  and  finally,  conduct  an  analysis  of  the  cloud/  body 
interaction  physics.  Figure  2  graphically  presents  the  results  of  a  "first- 
order”  calculation  of  anticipated  surface-field  thrust,  free  charge,  and  stored 
energy. 
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a)  Qiaroe  emitted  near  body  surrace: 


enclosure  E-Oeam  (1-5  MeV) 
b)  erection  of  surface  field: 


FORCE 
ON  BODY 


Potential  energy 
temporarily  stored 
In  electric  field 

(3X10®  v/m  or  greater) 


Charge  cloud 
(0.01-0.1  coul) 


c)  Acceleration  of  'Charge  Cloud*  Reaction  Pass: 


Flour*  1  "Surfic*  Field"  Electrostatic  Force  Model 


••  1985  ROCKET  RESEARCH  MEETING  *• 
Abstract  45  Pg  Z 

THRUST  PRODUCED  BY  SURFACE  ELECTRIC  FIELD 
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Basic  Processes  of  plasms  Propulsion 
Herbert  0.  Schrade 

Institut  fflr  Raumfahrtantriebe  der  Oniversitat  Stuttgart 

The  goal  of  this  program  is  to  get  a  better  understanding  of  a)  the 
acceleration  mechanisms  and  b)  the  electrode  effects  in  self  mag¬ 
netic  pulsed  and  continuous  MPO-arc  thrusters.  In  order,  to  assess 
the  applicability  of  these  thrusters  as  space  propulsion  systems 
such  an  investigation  is  mandatory.  Moreover,  since  similar  problem 
areas  can  be  found  in  many  other  low  to  medium  pressure  arm  de¬ 
vices,  the  results  of  this  study  should  be  also  of  interest  for 
electrically  induced  gasdynamic  lasers,  HPD-power  generators  and 
power  switching  devices. 

a)  the  magnetic  thrust  of  a  MPD-arc  propulsion  device  increases 
with  the  square  of  current.  Unfortunately  by  increasing  the  current 
above  a  critical  value,  one  observes  strong  voltage  fluctuations 
and  simultaneously  a  detrimental  increase  of  electrode  and 
insulator  erosion.  This  fact,  which  has  been  found  in  all  steady 
and  quasi  steady  self  field  thrusters  severely  limits  their  perfor¬ 
mance.  8o  far  besides  the  two  known  explanations  of  this  "onset 
phenomenon”,-  the  first  of  which  is  an  anode  sheat  failure  due  to 
plasma  starvation  caused  by  a  radial  magnetic  pressure  increase 
(Hugel)  and  the  second  which  is  an  excessive  back  BMP  (Lawless  and 
Safer am anian)-  another  explanation  could  be  put  foreward  which  also 
accounts  for  the  electrode  and  Insulator  erosion.  This  new  expla¬ 
nation  is  based  on  a  plasma  instability,  which  leads  to  a  deviation 
off  the  axisymmetrical  current  distribution  and  hence  to  *  current 
concentration  on  the  anode  surface  (see  pig.  la).  The  derived  onset 
conditions  for  this  Instability  phenomenon  agree  quite  well  with 
those  found  in  experiments.  However  in  order  to  relate  this  onset 
conditions  to  the  overall  quantities  of  any  thruster  type  like  mass 
flow  rate  and  total  current, one  has  to  know  the  average  current 
contour  and  flow  lines  within  the  thruster.  Therefore  a  simplified 
rbtationally  syxsmetric,  twodimensional  numerical  methods  to  calcu¬ 
late  the  flow  pressure  and  current  density  field  for  different 
thruster  geometries  has  been  set  up  and  will  be  successively 
improoved.  The  current  contour  and  constant  pressure  lines  of  such 
a  numerical  calculation  for  the  Stuttgart  MPD-Thruster  assuring 
isothermal  conditions  for  the  electrons  and  an  isotropic  behavior 
of  the  heavy  particles  are  shown  in  Pig.  1b. 

b)  in  orter  to  gain  a  better  understanding  of  the  cathode  pheno¬ 
menon  and  in  order  minimise  the  erosion  rate  in  MPD-arcs  an  experi¬ 
ment  has  been  initiated  in  addition  to  the  theoretical  work.  The 
experimental  set  up  is  schematically  shown  in  Pig.  2  and  is  placed 
in  a  vacuum  test  vessel  which  allow  pressure  variations  between 
10'3  and  10*  Pa  for  different  gases.  The  cathode  sample  which  can 
have  different  shapes  (cylinder,  flatt  plate,  etc)  is  mounted 
between  two  rods.  The  arc  discharge  is  struck  between  the  cathode 
sample  and  an  anode  of  variable  length.  The  electrode  system  is 
energised  by  a  pulse  forming  network  of  electrolytic  capacitors 
delivering  a  rectangular  current  pulse  lasting  about  2  ns  with 
currents  which  can  be  varied  between  several  hundred  amperes  up  to 
10  kA.  By  means  of  an  auxiliary  electric  current  through  the 
cathode  sample  the  cathode  can  be  preheated  and/or  a  transverse 
magnetic  field  of  different  strength  can  be  applied.  By  means  of 
this  test  apparatus  the  cathode  attachment  behavior,  the  mass 
loss,  erosion  rate  and  surface  damage  for  different  cathode  materi¬ 
als  under  various  aperating  conditions  will  be  determined  and 
investigated. 
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Pig  1 a :  MPD-Arc  with  Disturbed  Current  Contour  Lines 


Pig  Ibt  Calculated  JV..  rent  Density  and  Constant  Pressure 
Lines  wi'cnin  the  Stuttgart  MPD-Thruster 
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Taaka:  •  Datamina  tha  *aas  lots  and  that  acoaionrata  by 

walghing  tha  cathoda  aanpla  bafora  and  aftar  a 
aariaa  of  diacharga  pulaaa 

^  •  Xnvaatlgation  of  arc  tracaa  (cratara)  on  tha 

cathoda  aurfaca  by  aaana  of  optical  and  acanning 
alactron  alcroacopy 

•  Obaarva  by  aaana  of  high  a  pa  ad  caaaraa  tha  arc 
attachaant  notion 


Pig.  2 i  Cathoda  expariaantt  Schaaa  of  Elactroda  Taat  Con- 
figuration;  propoaad  Taaka. 
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PERFORMANCE-LIMITING  FACTORS  IN  MPD  THRUSTERS 

By  Manuel  Martinez-Sanchez,  Daniel  Heimerdinger,  Mark  Chanty  and  David  Melanson 
M.I.T.,  Dept,  of  Aeronautics  and  Astronautics 
Caabridge,  Massachusetts  02139 

Continuing  our  research  effort  into  the  physics  and  design  of  MPD  thrusters, 
we  are  this  year  addressing  three  primary  questions:  (a)Based  on  a  simplified 
model  of  the  plasma  physics  (but  still  retaining  the  Hall  effect),  how  should 
an  MPD  channel  be  lofted  to  Insure  a  smooth  current  distribution?  (b)Developlng 
a  numerical  simulation  code  for  off-design  or  off-shape  channels.  (c)Development 
of  experimental  tests  and  diagnostics  to  verify  the  above.  Thi3  approach  differs 
from  the  more  traditional  route  ,  in  which  the  channel  shape  is  arrived  at  in  a 
purely  empirical  manner,  and  also  from  earlier  plasma  flow  analyses,  where  the 
crucial  rale  of  the  Hall  parameter  (particularly  for  onset)  was  not  accounted  for. 
We  are  also  hoping  to  bring  to  bear  advanced  diagnostic  techniques  (fiber  optics, 
fine  spectral  measurements  and  active  laser  probing). 

During  the  fast  few  months  we  have  formulated  the  governing  dynamic  equations 
for  a  fully  ionized  plasma  with  tensor  conductivity  in  terms  of  axial  distance 
and  stream  function,  using  boundary  layer  approximations  for  a  slender  geometry. 

The  distribution  of  total  pressure  (ordinary  plus  magnetic)  along  the  channel 
is  prescribed,  which  nearly  prescribes  the  current  density,  and  the  axial  and  trans 
verse  profiles  of  the  remaining  quantities  are  then  computed,  among  them  the 
cross-sectional  area.  Insight  is  derived  from  the  existence  of  a  simple  analogy 
to  gas-dynamic  nozzle  flow  when  the  magnetic  Reynolds  number  is  high;  thus, 
choking  at  the  throat  occurs  at  the  magneto-acoustic  velocity,  and  Prandtl- 
Meyer  expansion  fans,  whose  fanning  constant-density  lines  are  also  the  current 
lines  of  the  cominly  observed  anode-exit  arc,  are  seen  as  a  natural  effect 
at  the  channel  end.  Finite  magnetic  Reynolds  number  effects  modify  these  results. 
The  theory  also  yields  a  simple  design  showing  no  axial  current,  and  hence  no 
side  force  tending  to  produce  onset  phenomena,  but  this  requires  an  axial 
field,  hence  segmentation.  Even  in  designs  with  no  axial  field  (monolythic 
electrodes),  the  possibility  of  reducing  the  inlet  and  outlet  current  concenta- 
tlons  is  likely  to  lead  to  a  delay  in  the  onset  of  instability.  We  hope  to 
use  our  computer  code  based  on  the  above  theory  to  design  a  longer  life, 
higher  onset  channel. 

In  parallel  with  this,  several  other  activities  are  being  pursued.  They 
Include  a  full  2-D,  time-varying  numerical  simulation  of  plasma  flow  for  a 
prescribed  geometry,  which  is  undergoing  tests,  and  preparation  for  exoerimental 
testing  of  a  channel  designed  according  to  our  theoretical  work.  These  tests 
will  be  in  cooperation  with  RDA,  Washington  office. 
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NEW  RESULTS  AND  WORK  IN  PROGRESS 


A)  Have  formulated  analogy  of  high  interaction  HPD  to 

ORDINARY  GASDYNAMICS 

B)  Have  found  limiting  configuration  with  no  axial 

CURRENT  -  REQUIRES  CONTOURING  AND  SEGMENTATION  OF 
ELECTRODES 


C)  Have  developed  design  code  fob  non-segmented, 

CONTOURED  CHANNELS  WITH  SMOOTH  CURRENT  DISTRIBUTION 


D)  Are  planning  pulsed  test  of  concepts,  using  flow 

DIAGNOSTICS  TO  VERIFY  ANALYSIS,  ALSO  TWO-DIMENSIONAL 
CODE  DEVELOPED. 
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EROSION  AND  ONSET  MECHANISMS 

IN 

MAGNETOPLASMADYNAMIC  THRUSTERS 

Join  L.  Lawless 
Carnegie- Mellon  University 
Pittsburgh,  Pennsylvania  12213 

Although  erosion  is  a  major  concern  in  MPD  thruster  design,  very  little  is 
presently  known  about  it  To  minimize  erosion,  it  is  desirable  to  operate  in  the  diffuse 
as  opposed  to  spot  mode  of  current  conduction.  The  goal  of  this  work  is  (1)  to 
the  limits  of  diffuse  mode  operation  and  (2)  to  quantify  its  erosion  rates. 
Since,  at  present,  there  are  so  theories  to  answer  either  question,  this  work  is  unique. 
Also,  it  is  hoped  to  clarify  the  relationship  between  erosion  and  the  experimental 
phenomenon  of  ’onset’ 

Erosion  is  believed  to  be  due  to  evaporation  and  sputtering.  Evaporation  is  a 
serious  concern  with  tnwgctM  electrodes  if.  the  surface  temperature  reaches  3000K,  as  it 
might  in  steady-state  operation.  The  surface  temperature  is  determined  by  a  heat  transfer 
problem  involving  the  plasma,  the  sheath  structure,  and  the  electrode  cooling  mechanisms. 
The  importance  of  sputtering  is  determined  by  the  rate  with  which  energetic  ions  strike 
ftbctrprfe  or  insulator  surfaces.  A  major  unknown  here  is  how  such  high  energy  ions 
are  created.  One  hypothesis,  due  to  Kuriici  and  Onishi.  is  that  they  are  created  in  a  high 
voltage  region  of  the  anode  sheath.  Another  possibility  is  that  they  are  created  by 
thermal  within  the  plasma,  possibly  in  the  relatively  hot  boundary  layer.  The 

above  considerations  are  illustrated  in  figure  1.  The  importance  of  sputtering  may  be 
strongly  affected  by  the  density  of  second  ions.  The  importance  of  second  ions  is 
currently  being  studied. 

To  quantify  erosion,  knowledge  of  plasma  temperature  and  compositional  profiles  is 
To  this  *  flow  mode!  is  being  studied.  This  model  includes  the  effects  of 
pressure  gradients,  magnetic  forces,  ohmic  heating,  and  convection  in  a  quasi-one- 
dhnensional  approximation  similar  to  that  of  King  eL  aL(  19811,  The  effects  of 
on  the  otherwise  ideal  gas  flow  have  been  studied.  The  results  show  that 
imiwiim  greatly  affects  the  choking  condition  and  hence  the  electrical  characteristic*  of 
the  thruster.  This  is  illustrated  in  figure  2. 

The  primary  sdetAific  accomplishment  to  date  has  been  the  prediction  of  a  new 

onset  This  predicts  that  the  back  emf  rises  rapidly  enough  to 

unlit  the  current  to  some  critical  value.  This  mechanism  is  distinct  from  the  anode 

th  failure  mechanism  analyzed  by  Baksht  et  al.(1974)  among  others.  It  should  be 

pwi^u  for  experiments  to  distinguish  between  these  two  mechanisms.  The  Baksht 
mechanism  would  be  observed  as  a  rapid  increase  in  the  voltage  drop  of  the  anode 
sheath  near  the  exit  as  onset  is  approached.  The  proposed  new  mechanism  would  be 
observed  as  a  rapid  drop  in  current  density  in  the  middle  of  the  thruster.  The 
preliminary  evidence  exists  to  support  the  existence  of  both  mechanisms  but  is 
inconclusive  about  which  occur*  first  under  different  flow  conditions.  Current  work 
shows  how  onset  limitations  are  altered  by  tbs  presence  of  ionization. 
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NAGKET9FLASNADY1MMIC  THBZm  EHOSIOi  RESEARCH 
id  Q.  Xing 

Jet  !vopul»ion  laboratory 
California  Institute  of  Technology 
Pasadena,  California  91109 

Hagi>*toplasaadynMlc  thruatar  CHPDT)  lifetime  at  sustained  aulti-negavatt 
power  levels  -  unknown  but  will  ba  governed  by  plasma  aroaion  of  thruatar  aurf acta. 
Bafora  the  thi  iter  can  ba  developed  for  an  orbital  propulsion  application  tha 
physics  of  tha  aroaion  aachaniaaa  must  ba  studiad.  Tha  rtaaarch  proposed  harain 
atfroaaaa  tha  following  key  questions  that  must  ba  raaolvad  in  ordar  to  undaratand 
aroaion: 

1)  Vhat  ara  thv  aroaion  aachaniaaa  on  tha  anode,  cathode,  and 
inualator  and  vhat  ara  tha  quantitative  ratea  for  aach? 

2)  Vhat  governs  tha  cathoda  haat  balance  at  high  currant  denaity 
(>200A/oa2)  and  megawatt  power  lavala. 

3)  Vhat  governs  the  anode  haat  balance. 

4)  How  doaa  tha  cathoda  work  function  change  with  time,  and  vhat 
affect  doaa  this  have  on  aroaion. 

The  approach  ia  unique  in  that  it  aiaa  at  developing  an  understanding  of  the 
aroaion  of  tha  electrode  and  insulator  surfaces  by  conducting  experiments  on  a 
steady-state,  scaled-down  MPD  device,  and  by  analysis  of  key  processes.  Figure  1 
shove  tha  cathoda  and  cathoda  sheath  region  and  identifies  two  types  of  eaission 
processes,  one  of  which  is  destructive  tha  other  non-destructive. 

The  primary  accoaplishaant  this  year  ia  to  have  shown,  by  steady-state 
taste  and  analysis  that  tha  cathode  operates  in  a  diffusa,  thermionic  node  which  can 
ba  considered  non-destructive  in  sons  cases.  Figure  2  shows  thoriated  tungsten 
cathode  tip  te^eratures  measured  by  an  optical  pyrometer  that  ara  commensurate 
with  high  currant  density,  field-enhanced  thermionic  amission. 

Analysis  of  tha  data  provides  a  further  insight  by  exposing  two  kay 
processes  in  tha  cathoda  haat  balance.  Hare,  a  large  flux  of  low  energy  ions 
bombard  and  heat  the  cathoda  as  they  ara  drawn  into  and  accelerated  by  tha  cathoda 
sheath.  Each  thermionic  electron  emitted  from  tha  cathode  removes  tha  work 
function  in  energy  thereby  providing  a  cooling  effect  that  increases  with  currant 
density.  The  bottom  of  Figure  2  shows  that  at  lower  currant  densities,  ion 
bonbantaent  dominates  tha  haat  balance  and  can  causa  tesperatures  high  enough  to 
evaporate  cathoda  material  quickly.  The  bottom  curve,  at  a  lower  plasma  density 

(8xl020/li3)  incurs  reduced  ion  bombardment  and  indicates  reduced  temperatures 
Commensurate  with  experiment.  The  temperature  at  various  plasma  densities  are 
driven  to  a  common  point  at  extremely  high  current  densities  by  the  effect  of 
electron  coolingJ 

The  design  of  multi-megawatt  MPD  engines  is  advanced  by  the  realisation 
that  high  current  densities  demanded  by  line  and  efficiency  corn  trains  are  in  feet 
necessary  to  keep  tha  cathode  cool  enough,  by  electron  emission,  to  prevent  severe 
temperatures  and  evaporation. 
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FIGURE  2  -  MPO  THRUSTER  EROSION  RESEARCH  -  RESULTS 
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•  SUBSCALE  STEADY-STATc,  RADIATION 
COOLED  MPO  DEVICE  OPERATIONAL 

•  PROVIDES  ESSENTIAL  DATA  FDR 
COMPARISON  WITH  THEORY 

•  OPERATES  OVER  A  VIDE  RANGE  OF 
CURRENTS  AND  HASS  FLOWS  YEILDING 
ORDERS  OF  flAGNITUEO  VARIATIONS 
IN  PLASMA  PROPERTIES 


•  PRIMARY  RESULT:  THF  MPO  CATHODE 
OPERATES  IN  A  DIFFUSE.  THERMIONIC 
EMISSION  MODE 


•  ANALYSIS  CONCURS  WITH  EXPERI¬ 
MENT  THAT  CATHOOE  OPERATES  IN 
A  THERMIONIC  EMISSION  MODE 

•  ANALYSIS  SHOWS  HEKT  BALANCE  IS 
STRONGLY  COUPLED  TO  PLASMA 
SHEATH  AND  THERMIONIC  EMISSION 
ABOVE  -40  A/SQCM 

•  HEAT  BALANCE  MAY  BE  DOMINATED 
BY: 

1)  ION  BOMBARDMENT-HEATING 
POTENTIALLY  CAUSING  TiHP- 
ERATURES  HIGH  ENOUGH  TO 
RAPIDLY  EVAPORATE  THE 
CATHODE 

2)  THERMIONIC  ELECTRON  EMISSION¬ 
COOLING  PROVIDING  TEMPERATURES 
•SAFE*  FROM  EVAPORATION 


\ 
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COMPLETELY  MAGNETICALLY  CONTAINED  ELECTROTHERMAL  THRUSTER 


George  R.  Seikel 
SeiTec,  Inc. 

P.O.  Box  81264 
Cleveland,  OH  44182 

Results  of  previous  major  MPD  arc  thruster  experiments  with  applied 
magnetic  fields  are  summarized  in  Ref.  1.  The  highest  measured  performances 
were:  1)  a  thrust  efficiency  of  371  at  2200s  specific  impulse  with  a  xenon 
propellant  thruster  operating  at  a  power  of  0.48kW,  and  2)  a  thrust  effic¬ 
iency  of  34%  at  2500s  specific  impulse  with  an  argon  propellant  thruster 
with  a  IT  superconducting  magnet  at  a  power  of  25kW. 

Results  for  both  this  25kW  thruster  and  a  MW  quasi-steady  thruster  also 
demonstrated  that  efficiency  significantly  increases  with  the  applied  mag¬ 
netic  field  strength  up  to  the  experimental  limits,  1  and  2T  respectively. 

At  these  field  strengths  the  cyclot.on  radius  of  the  propellant  ions  becomes 
smaller  than  the  anode  diameter,  and  heating,  containment,  and  acceleration 
of  the  plasma  ions  can  be  directly  accomplished  by  the  applied  radial  elec¬ 
tric  field  and  expanding  axial  magnetic  "nozzle"  field. 

These  prior  experiments  all  had  inefficiencies,  operating  limits,  and 
life  limits  associated  with  their  physical  upstream  thruster  backplates. 

One  such  problem  is  Illustrated  in  Fig.  1. 

Fig.  1  shows  a  0.5kW  thruster  which  was  life-tested  for  1332  hours. 

Also  shown  are  cross-sectional  sketches  of  the  upstream  boron  nitride  in¬ 
sulator  after  735  and  1332  hours  of  operation,  this  wear  was  life  limiting 
and  reflected  a  large  inefficiency.  Efficiency  was  improved  over  10  points, 
tc  the  previously  cited  37%,  by  modifications  providing  a  stronger  upstream 
magnetic  mirror  field.  However,  this  higher  efficiency  thruster  was  limited 
in  power  level  by  heating  of  the  backplate.  As  it  became  heated  to  a  dull 
red,  the  efficiency  decreased. 

Backplate  problems  have  also  limited  higher  power  MPD  thrusters  which 
to  date  have  all  used  coaxial  cathodes  and  anodes.  In  the  only  life  test  of 
a  radiation  cooled  25kW  thruster,  testing  had  to  be  terminated  at  553  hours 
because  of  rapid  erosion  of  the  thrusters  boron  nitride  insulator. 

The  subsequent,  previously  ment ioned,  superconducting  maghet  thruster 
u.-ed  a  hollow  cathode  to  better  control  current  attachment;  however,  for 
stable  operation  it  required  all  the  propellant  to  be  introduced  into  the 
cathode  which  penalizes  performance.  A  downstream  cathode  could  eliminate 
this  problem  but  will  not  eliminate  backplate  heating  and  erosion  problems. 

The  present  research  is  developing  conceptual  designs  of  a  novel  thruster 
concept  which  avoids  backplate  inefficiencies,  operating  limits,  and  life 
limits.  This  concept.  Fig.  2,  provides  for  complete  upstream  magnetic 
containment  of  the  plasma.  The  magnetic  field  is  designed  to  insure  both 
stable  plasma  containment  in  the  upstream  "U"  and  efficient  expansion  in  the 
downstream  magnetic  nozzles.  Two  designs  are  being  defined.  The  first  for 
quasi-steady  (1ms)  MW  operation  with  IT  fields.  The  second  for  steady-state 
radiation  cooled  operation  at  a  few  kW  with  0.03T  fields.  Both  will  have  the 
same  size  and  geometry,  but  will  have  different  thickness  coil  turns  and 
number  of  turns  (to  1 imit,  voltage).  The  plasma  containment  tube  will  bfe 
the  anode  and  a  single  downstream  cathode  will  be  used.  Anticipated  perfor¬ 
mance  improvements  over  that  of  prior  thrusters  will  also  be  estimated. 

I  Sritel  et  *l>,  P.  In  Astro.  *nd  Aero.,  Vol.,89,  2984,  l.H.  Caver.y  editor,  pp.  760-30?. 
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PLASMA-GAS  INTERACTION  STUDIES  I*  A  HYBRID  PLUME  PLASMA  ROCKET 

F.  R.  Chang,*  V.  A.  Krueger,  T.  F.  Yang,  J.  L.  Fisher ** 

Plasm  Fusion  Center 
Massachusetts  Institute  cf  Technology 
Cambridge,  MA  02139 


A  hybrid  plum  Is  here  defined  as  one  where  the  fluid  properties  exhibit 
a  drastic  variation  froa  one  region  to  another.  The  concept1  has  a  potential 
application  in  nagnetlc  divertors  for  energy  recovery  and  impurity  control  in 
fusion  reactors,  as  well  as  in  rocket  propulsion  using  high  temperature 
plasms.  In  a  hybrid  plum  plasm  rocket,  for  example,  the  temperature  at 
the  core  of  the  exhaust  is  extremely  high;  whereas,  near  the  edge,  the 
temperature  la  quite  low.  Furthermore,  the  variation  in  temperature  froa  the 
plum  centerline  to  the  outside  can  be  many  orders  of  sagnltude.  While  the 
exhaust  fluid  at  the  center  is  a  folly  ionised  plasm  (at  ,5  to  1  keV),  it 
actually  become  a  neutral  gas  at  the  edges  (at  .1  to  .3  eV).  The  net  result 
is  a  plum,  cool  at  the  edges,  thereby  relaxing  the  heating  constraints  on 
the  nossle  material,  hut  hot  at  the  center,  thus  preserving  and  even  enhancing 
the  allowable  power  density  and  specific  lmplee  of  the  device. 

In  principle,  such  a  hybrid  configuration  could  be  achieved  by  surrounding 
the  hot  plasm  flowing  out  of  one  of  the  end  cells  of  a  tan  den  mirror2  with  a 
coaxial  flow  of  high  speed  gas  (Fig.  1).  The  gee  would  be  injected  through  a 
hypersonic  annular  nossle  immediately  downstream  of  the  mirror  end  cell.  The 
hypersonic  gas  would  have  the  dual  purpose  of:  (l)  effectively  insulating 
the  nossle  walls  from  the  the  hot  plasm,  sad  (2)  increasing  the  available 
mass  flow  rate  and  hence  the  overall  thrust  of  the  system. 

The  physics  of  high  temperature  hydrogenie  plasm,  interacting  with  hyper¬ 
sonic  gas  Jets  are  not  well  understood.  Analytical  and  numerical  modeling  of 
these  interactions  requires  the  simultaneous,  self-consiatant  solution  of 
particle,  momentum  and  energy  transport  equations  for  each  particle  species. 
Moreover,  the  solution  approach  must  have  sufficient  spatial  granularity  to 
resolve  email  regions  of  ths  flow  pattsrn. 

The  present  research  covers  the  area  of  plasm/gas  interaction  and 
describes  the  basic  mechanism  for  ensrgy  and  particle  transport.  The  solution 
approach  assumes  cylindrical  geometry  and  includes  a  multiplicity  of  atomic 
reactions,  as  well  as  the  presence  of  a  strong  magnetic  field.  The  principal 
reactions  are  electron  and  ion  impact  ionisation,  as  well  as  charge  exchange 
between  hot  ions  and  cold  neutrals.  Radial  particle  and  energy  transport  is 
mainly  by  diffusion.  Accordingly,  the  present  description  includes  a  modified 
Boha  diffusion  model  for  plasm  in  ths  core  of  the  plume,  and  classical  neu¬ 
tral  particle  diffusion  in  ths  cooler  regions  of  the  flow.  Neutrals  are  allowed 
to  "free  stream"  in  the  low  density  regions,  where  the  collision  mean- free-pat h 
becomes  comparable,  or  even  larger  than  the  characteristic  dimensions  of  the 
system* 

T Astronaut  Office  of  the  RASA  Johnson  Space  Center,  Houston,  TX 
^Southwest  Research  Institute,  San  Antonio,  TX 
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A  TABU  SI  MIRROR  PLASMA  SOURCE  POR  HYBRID  PLUME  PLASMA  STUDIES 

T.  F.  Yang,  F.  R.  Chang,*,  R.  H.  Millar, 

K.  V.  Vassal,  V.  A.  Krueger 

Plasma  Fas  loo  Castar 
Massachusetts  Inatltuta  of  Technology 
Cambridge,  MA  02139 


This  papar  describes  a  tandem  airror  device  to  ba  ecoaldarad  as  a  hot 
plasm  source  for  the  hybrid  plum  rocket  cooecpt  discussed  in  Raf.  1.  The  hot 
plasm  froa  this  dariea  is  injected  into  an  exhaust  duct,  which  will  internet 
with  an  annular  tqrpersodc  layer  of  neutral  gas*  Such  a  dariea  can  ba  used  to 
study  the  dynamics  of  the  hybrid  plum,  and  to  experimentally  rarity  the 
eumrlcal  predictions  obtained  with  computer  codas.  The  basic  system  design 
is  also  geared  towards  low  weight  and  compactness ,  as  wall  as  high  power 
density  (l«e«,  sereral  kV/ca?)  at  the  exhaust.  This  feature  is  aimed  towards 
the  feasibility  of  "space  testing". 

The  basic  structure  of  such  a  derice  consists  of  four  major  subsystem: 
(l)  an  electric  power  supply^  (2)  a  low  teipe nature.  high  density  plasm  gun, 
such  as  a  stream  gun,  an  MPD  source  or  gas  cell}  (3)  a  power  booster  in  the 
form  of  «  tandem  mirror  machine;  and  (h)  an  exhaust  nossls  arrangement.  Tht 
configuration  of  the  tandem  mirror  section  is  shown  in  Pig.  1. 

A  tandem  mirror  machine  appears  attractive  for  this  particular  applica¬ 
tion.  These  devices2-*  can  produce  the  necessary  plasm  conditions  with  mini¬ 
mal  further  technological  development.  In  present  day  tandem  mirrors,  the 
plifB  density  varies  from  10u  to  10^cm“3  *nd  the  confinement  time  varies 
from  hundreds  of  microseconds  to  tens  of  nUllseconds,  The  power  output  ranges 
from  a  few  kV  to  100  ktf.  Advancement  in  both  understanding  of  physics  and 
technology  to  bring  such  a  device  to  a  high  power  level  can  be  expected. 

Presently  these  mehlnes  are  large  and  heavy  because  they  aim  to  achieve 
a  high  confinement  bias  and  the  temperatures  of  5  to  10  keV  required  for  a 
fusion  reactor.  However,  relaxing  the  confinement  and  temperature  requirements 
translates  directly  to  lower  Magnetic  fields.  For  example,  the  maximum  field 
required  for  a  fusion  reactor  is  usually  about  15  T.  In  comparison,  the 
field  needed  for  this  application  is  0.5  T,  or  30  time*  smaller. 

Another  important  consideration  in  an  experimental  arrangement  of  this 
nature  is  the  basic  msthod  for  plasm  heating.  In  the  present  configuration, 
the  tandem  mirror  section  behaves  as  a  power  booster,  the  mechanism  selected 
for  energy  coupling  to  the  flowing  plasm  is  ion  cyclotron  resonance  heating, 
or  more  simply  stated,  alcrowave  injection  at  the  ion  cyclotron  frequency. 
This  is  a  proven  method  for  heating  ions  is  fusion  grade  plasmas.  The  lone 
in  the  system  absorb  approximately  53$  of  the  power,  while  the  electrons 
receive  3$.  This  is  a  desirable  result  since  energy  transfer  from  the  ions 
to  the  neutrals  is  mors  efficient  than  froa  the  electrons  to  the  neutrals. 
Efficiencies  of  30$  to  50$  have  been  obtained.  T 


t Astronaut  Office  of  the  IASA  Johnson  Specs  Center,  Houston,  TX 
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Another  aspect  under  investigation  la  the  overall  stability  of  the  plasaa 
column .  In  general,  the  plasm  in  linear  devices  such  as  this  one  is  rich  in 
wave  phenomena,  and  simple  magnetic  mirrors  exhibit  "bad  curvature"  (i.e. , 
the  field  lines  bulge  away  f  os  the  axis  of  symmetry).  The  plasm  in  these 
configurations  tends  to  be  MHD  unstable.  Stability,  however,  can  be  readily 
attained  in  the  tandem  mirror  geometry  by  the  influence  of  the  end  cells. 
The  outermost  cell  at  each  end  of  the  mirror  is  appropriately  designated  as 
an  "anchor".  Notwithstanding  these  arguments,  the  MHO  stability  of  these 
devices  must  be  evaluated  on  an  individual  basis,  particularly  in  relation  to 
the  axial  asymmetry  in  this  particular  application  (i.e.,  a  source  at  one  end 
and  an  exhaust  at  the  other). 

A  generic  device  for  this  experimental  application  has  been  investigated 
in  light  of  the  above  requirements  and  considerations.  Preliminary  results 
on  its  mode  of  operation,  critical  machine  parameters,  overall  size,  plasm 
stability,  as  veil  as  an  evaluation  of  the  microwave  heating  requirements  will 
be  presented. 
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COUPLING  BETWEEN  CAS  DYNAMICS 
AND  MICROWAVE  ENERGY  ABSORPTION 

Michael  M.  Mlcci 

The  Pennsylvania  State  University 
University  Park,  PA  16802 


Microwave  energy  can  be  absorbed  by  a  gas  in  one  of  several  nodes  i' 
order  to  heat  the  gas  to  a  high  temperature.  Because  the  region  of  en<  .;y 
deposition  can  be  located  away  fron  any  material  walls,  a  higher  ter;-~  ature 
can  be  obtained  than  in  devices  which  utilize  wall  heating.  Allot:  “g  the  high 
temperature  gas  to  expand  through  a  nozzle  converts  the  internal  thermal 
energy  to  directed  kinetic  energy  to  produce  thrust.  Hydrogen  xs  the  gas  of 
choice  for  this  application  since  its  low  molecular  weight  gives  the  highest 
exhaust  velocity  for  a  given  chamber  temperature.  There  is  an  understanding 
of  the  process  of  microwave  energy  addition  to  a  high  pressure  gas  for  some  of 
the  available  absorption  modes  but  no  unified  comparison  of  all  the  modes  in 
terms  of  absorption  efficiency,  maxima  temperature,  etc.  Also  there  is 
little  knowledge  of  the. coupling  of  the  absorbed  energy  to  the  gas  dynamics 
required  to  obtain  propulsive  thrust.  The  proposed  research  will  be  the  first 
experimental  effort  to  examine  and  compare  free  floating  filamentary  and 
toroidal  microwave  absorbing  plasmas  and  planar  propagating  plasmas  in 
hydrogen  gas  as  well  *ts  the  first  examination  of  the  coupling  of  the  energy 
absorption  to  the  gas  dynamics  in  order  to  convert  internal  thermal  energy  of 
the  gas  to  directed  kinetic  energy  by  means  of  a  nozzle  expansion.  Figure  1 
illustrates  the  three  absorption  modes  to  be  examined  along  with  the  three 
modes  of  heat  transfer  which  may  oouple  the  absorption  region  with  the 
interior  gas  dynamics. 

This  program  will  consist  of  analytical  modeling  of  the  microwave 
absorption  regions  both  with  and  without  gas  flows  and  experimental 
measurement  of  key  physical  parameters  such  as  gas  temperature  and  heat  fluxes 
Heat  losses  from  the  absorption  region  and  the  amount  of  cooling  gas  required 
and  its  effects  on  final  exhaust  velooity  and  efficiency  will  be  examined. 
Questions  to  be  resolved  Include  the  relative  roles  of  conduction,  convection 
and  radiation  in  transferring  the  absorbed  microwave  power  to  thrust  power, 
the  stability  of  such  flows  and  the  mixing  processes  of  cold  gas  with  the 
microwave  sustained  plasma.  Figure  2  illustrates  the  anticipated  scientlflb 
accomplishment  of  this  program.  The  research  will  provide  insight  to  the 
entire  field  of  high  temperature  gas  flows  driven  by  radiation  absorption. 


SCIENTIFIC  APPROACH 
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FIGURE  1 


EXPECTED  SCIENTIFIC  ACCOMPLISHMENT 
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FIGURE  2 
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PULSED  XHXfCTJLVB  BSEBGT  SUSFBX 


Peter  P.  Mongeau  and  Douglas  P.  Hart 

Electromagnetic  Launch  Research,  Inc. 
625  Putnam  Avenue 


Cambridge,  MA  02139 


Advances  in  electrical  propulsion  have  inspired  a  variety  of 
approaches  for  orbit  raising  propulsion.  One  such  technique,  the 
metallic  induction  reaction  engine,  uses  a  solid  metallic 
reaction  mass  rather  then  a  gas  or  plasma  to  achieve  a  high 
thrust  density  and  efficiency.  The  reaction  mass  is  inductively 
accelerated  by  a  magnetic  pulse  coil,  thereby  eliminating  the 
problems  of  erosion  and  wear. 


During  the  past  two  years.  Electromagnetic  Launch  Research, 
Inc.  has  been  investigating  the  pulsed  inductive  acceleration 
process.  It  is  the  goal  of  this  research  to  establish  the  basic 
energy  transfer  mechanisms  and  the  performance  limitations  of 
this  device. 


Experimental  and  numerical  simulations  of  the  pulsed 
inductive  acceleration  process  indicates  that  the  performance  of 
the  metallic  induction  reaction  engine  is  more  dependent  on  the 
density  of  the  reaction  mass  material  then  it  is  on  the 
conductivity  of  the  material  (Figure  1).  Furthur  analysis 
performed  numerically  indicates  the  existence  of  a  back  EMF 
saturation  effect  which  can  inhibit  energy  transfer  to  the  pulsed 
inductive  system.  This  saturation  effect  can  be  greatly  reduced 
by  using  a  compound  pulse  coil  rather  then  a  face  coil  to 
accelerate  the  reaction  mass.  I 


The  high  initial  conductivity  of  metals  Such  as  aluminum! 
sodium,  and  lithium  greatly  reduce  the  energy  transfer  losse 
normally  associated  with  inductive  plasma  excitation.  Also 
because  these  low  density  metals  are  accelerated  in  a  solid  forni! 
a  high  degree  of  mass  utilization  is  achieved.  Ohmic  he  at  in 
during  acceleration  can  melt  and  even  vaporize  these  metals  am 
in  the  process  decrease  the  reaction  materials  conductivity 
However,  it  is  assumed  that  if  sufficient  voltage  is  induced  kr 
the  pulse  coil,  the  metal  wil  l  ionize  and  continue  to  conduc 
electricity  well  past  its  vaporization  point. 


A  compound  pulse  coil  and  an  experimental  aparatus  has  been 
constructed  to  observe  and  analyze  the  effects  of  back  EMF  and 
reaction  mass  ionization  (Figure  2). 


Ltf. 
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LASER  DIAGNOSTICS  FOR  ELECTRIC  FIELD  MEASUREMENTS 
Roger  J.  Becker,  Blair  A.  Barbour,  Alan  T.  Buswell 

The  objective  of  this  program  Is  to  develop  accurate  means  of  measuring  the 
electric  field  strength  In  transient  plasmas  with  good  spatial  resolution.  This 
requires  a  nonlntruslve  (optical)  i"*asurement  that  will  provide  reliable  data  in 
a  conducting  medium.. 

Our  approach  Is  to  use  selection  rule  breakdown  In  a  laser  scattering 
measurement.  The  selection  rule  breakdown  Is  very  sensitive  to  external 
perturbations  such  as  electric  fields.  Its  application  to  electric  field 
measurements  Is,  to  our  knowledge,  totally  unique.  Two  scattering  spectrosco¬ 
pies  will  be  explored.  One  of  these,  Rayleigh  Depolarization  Scattering  (RDS), 
Is  directed  at  gas  atoms  and  ions  and  highly  symmetric  molecules.  The  second 
method  will  use  CARS  to  measure  selection  rule  breakdown  In  Raman  scattering, 
and  will  be  applied  to  a  wide  class  of  molecules.  This  program  Is  scheduled  fot 
completion  by  October  1,  1987. 

Initial  measurements  are  being  made  using  RDS  and  a  (cw)  argon-ion  laser  or 
gases.  These  measurements  will  be  followed  by  experiments  In  partially  Ionized 
gases.  The  cw  measurements  will  then  be  supplanted  by  pulsed  measurements  uslnc 
a  copper- vapor  laser.  The  experiments  are  being  augmented  by  calculations  of 
the  electric-field  Induced  depolarization. 

The  second  half  of  the  program  will  focus  on  the  setup  and  testing  of  the 
Raman  selection  rule  technique  using  CARS.  This  will  require  the  construction 
of  a  <iye  Urer  for  use  with  a  copper-vapor  laser.  All  measurements  will  be  made 
in  X  electric  fields.  A  synchronization  circuit  will  be  built  for  the  pulsed 
measurements. 
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SCIENTIFIC  APPROACH 
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ANTICIPATED  RESULTS 

•  DEMONSTRATION  OF  PHYSICAL  EFFECT 

•  DEMONSTRATION  OF  TEMPORAL  AND  SPATIAL 
RESOLUTION  CAPABILITY 

•  ESTIMATION  OF  RANGE  OF  APPLICABILITY 

•  DETERMINATION  OF  LIMITING  FACTORS 

•  CALCULATION  AND  nIeASUREMENT  OF  TENSOR 
COEFFICIENTS 

•  PUBLICATION  IN  REFEREED  JOURNALS 
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OPTICAL  TECHNIQUE  TO  MEASURE  ELECTRODE  EROSION 

Janies  D.  Trolinger  and  David  F.  Schaack 
Spectron  Development  Laboratories,  Inc* 

Costa  Mesa,  California  92626 

The  failure  mechanism  in  a  number  of  extremely  important 
components  and  systeas  is  electrical  erosion,  for  example,  in  electrical 
propulsion  systeas  or  other  coaponents  exposed  to  plasmas  and  arcs* 
Lifetime  improvement  and  testing  of  such  systems  is  extremely  important 
and  is  difficult  because  erosion  is  sometimes  extremely  slow,  requiring 
thousands  of  test  hours.  The  present  research  will  determine  the 
ability  and  provide  the  required  technology  for  highly  sensitive  optical 
methods  to  serve  as  a  diagnostic  for  miniscule  amounts  of  surface 
erosion* 

Such  methods,  while  relatively  straight  forward  when  applied  to 
optically  smooth  surfaces  or  to  surfaces  which  the  microscope  structure 
remains  unchanged,  become  much  more  difficult  for  an  eroding  surface 
undergoing  changes  in  microscopic  surface  structure. 

A  major  question  to  be  addressed  concerns  the  effect  of  such  a 
surface  on  optical  properties  which  are  relevant  to  the  measurement  of 
erosion.  Perhaps,  the  most  important  of  these  is  the  change  in  the 
coherent  speckle  which  will  occur  as  the  surface  structure  changes. 

Three  candidate  optical  methods  will  be  analysed  for  eroelon 
measurement.  They  are  (1)  holographic  interferometry,  (2)  diffuse  point 
interferometry,  and  (3)  an  astigmatic  ranging  probe.  All  three  methods 
possess  the  potential  for  measuring  during  lifetime  testing  of  elect¬ 
rical  systems  with  resolutions  of  one  micrometer  or  better.  Each  method 
would  be  considered  applicable  to  the  high  resolution  contouring  of  a 
surface  which  changed  profile  without  the  associated  change  in 
microscopic  surface  features  anticipated  with  electrically  eroding 
surfaces.  When  surface  changes  are  monitored  with  classical 
interferometry  the  change  is  manifested  in  a  measursable  shift  in  the 
phase  of  an  optical  wavefront.  The  surface  mtcrostructure  adds  a  random 
phase  term  to  the  wavefront  undergoing  measurement.  This  term  could  be 
easily  subtracted  from  the  measurement  unless  it  is  changing.  When  it 
changes  with  time  the  change  oust  be  accounted  for  by  either  measuring 
it  or  averaging  it  out.  The  measurement  of  this  change  may  not  only 
allow  the  use  of  interferoomtry  but  may  also  provide  itself  on  extremely 
sensitive  measurement  of  erosion. 

The  most  favored  candidate  will  be  assembled  on  a  research 
breadboard  experiment  in  which  an  electrically  eroding  surface 
simulating  a  useful  application  will  be  monitored.  The  technique  will 
be  further  expanded  and  refined  laying  the  groundwork  for  production  of 
a  diagnostic  instrument  which  can  ultimately  be  applied  in  a  lifetime 
testing  facility. 
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VARIABLE  FIELD  EFFECTS  FOR  THE  ROTATING  FLUIDIZED  BED  REACTOR 

Owen  C.  Jones 

Rensselaer  Polytechnic  Institute 
Troy,  New  York  12180-3590 

The  rotating  fluidized  bed  nuclear  reactor  Is  a  concept  which  has  the  poten¬ 
tial  for  very  large  power  densities,  one  to  two  orders  larger  than  those  cur¬ 
rently  available,  very  large  turn-down  ratios,  and,  for  propulsive  purposes, 
very  high  specific  Impulses  of  ~  25-50%  higher  than  those  associated  with 
chemical  rockets.  The  scientific  questions  which  .mist  be  addressed  to  deter¬ 
mine  the  technical  feasibility  of  this  concept  Include  material  studies  of 
nuclear  fuels  and  thermal -hydraulic  studies  of  the  behavior  of  rotating  fluid¬ 
ized  beds  of  various  shapes  and  under  centrifugal  g-flelds  up  to  several  thou¬ 
sand  g's.  The  latter  questions  are  the  subject  of  this  research  program. 

The  approach  used  In  this  research  Includes  a  combination  of  analytical  and 
experimental  methods.  The  first  year  of  the  program  was  devoted,  by  mutual 
agreement,  to  questions  of  a  scoping  nature.  Specific  results  of  this  scoping 
effort  Included:  1}  An  evaluation  of  fluid-bed  expansion  and  development  of 
new  predictive  techniques;  2)  evaluation  of  the  quasi -1-dlmenslonal  coupled 
thermo-nuclear  stability  of  reactor  operation;  3)  examination  of  the  hydro- 
dynamic  stability  of  fluidized  beds,  development  of  some  Initial  predictive 
methods,  and  Initiation  of  a  simple  experiment  to  evaluate  the  results;  4) 
evaluation  of  the  potentially  concept-killing  problems  associated  with  thermal 
stress  In  the  blind  end  plate  of  the  reactor. 

Figure  1  shows  the  fluid  bed  geometry  of  concern  Indicating  the  question  of 
bed  expansion.  Bed  bubbling  Instability  would  result  in  pockets  of  gas  form¬ 
ing  and  percolating  through  the  expanded  bed.  Figure  2  Indicates  the  results 
of  our  modelling  applied  to  fluid  bed  slugging  instability  in  pipes.  Similar 
modelling  applied  to  bubbling  Instability  appears  reasonable,  but  cannot  be 
tested  due  to  a  total  lack  of  data,  hence  our  Initiation  of  experiments  In 
this  area.  These  simple  experiments  directed  to  bubbling  Instabilities  are 
unique  In  that  all  Important  variables  will  be  determined  and  a  broad  range  of 
fluid-solid  combinations  will  be  studied  In  one  configuration.  Even  exact 
combination  of  controlling  parameters  had  not  heretofore  been  Identified. 

Our  analysis  related  to  coupled  thermo-neutron 1c  stability  has  determined  the 
effects  of  zone  lumping  and,  more  recently,  been  directed  to  the  2-D  effects 
of  neutron  leakage  out  the  exhaust  path.  Conservation  analysis  of  the  two- 
phase  gas-solid  fluidized  bed  behavior  shows  that  In  the  averaging  processes 
used  to  obtain  the  field  equations  there  are  many  terms  which  cannot  be  evalu¬ 
ated  using  current  knowledge.  These  averaging  processes  are  similar  to  those 
which  yield  the  beta  factors  In  simple  pipe  flow  or  lead  to  the  usual  turbu¬ 
lent  shear  stress  quantities  In  the  estimation  of  turbulent  flows.  In  addi¬ 
tion,  closure  of  the  two-phase  flow  problem  requires  knowledge  of  the  Interac¬ 
tions  at  phase  Interfaces,  behavior  of  assemblages  of  particles  near  solid 
boundaries,  and  other  Interaction  effects  which  can  only  be  crudely  approxi¬ 
mated  using  simple  single-particle  relationships.  Therefore,  progress  can 
only  be  achieved  through  the  study  of  these  very  basic  questions  In  the  long 
term  and,,  in  the  short  term,  treating  the  problem  as  If  these  covariance  and 
Interaction  effects  either  do  not  exist  or  can  be  approximately  formulated  In 
parametric  forms  Which  seem  to  make  sense.  This  Is  the  direction  In  which  our 
future  analysis  will  be  directed. 
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Figure  1.  Schematic  of  geometry  of  consideration  for  the  fluidized 

bed  reactor  research  showing  both  bed  expansion  and  bubbling 
instabilities. 
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Figure  2.  Comparison  of  prediction  of  slugging  Instability  dati  with 
the  model  developed  In  the  program.  ' 
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EFFECT  OF  INTERFACIAL  PHENOMENA  ON  CONTACT  LINE  HEAT  TRANSFER 

Peter  C.  Wayner,  Jr. 

Department  of  Chemical  Engineering  and  Environmental  Engineering 
Rensselaer  Polytechnic  Institute 
Troy,  NY  12180 

Very  little  Is  known  concerning  the  stability  and  heat  transfer  charac- 
terlstlcs  of  the  contact  line  region  of  an  evaporating  thin  liquid  film.  Our 
objectives  are  to  measure  and  model  the  processes  of  heat,  mass  and  momentum 
transfer  In  the  film  thickness  region  6  <10“®  m.  Our  experimental  work  Is 
unique  In  the  use  of  a  miniaturized  heat  transfer  cell  on  the  stage  of  a 
microscope  equipped  with  a  scanning  Microphotometer.  Our  theoretical  work  Is 
unique  In  the  combined  use  of  the  Interfaclal  concepts  of  disjoining  pressure, 
spreading  pressure,  fluid  microstructure  and  surface  tension  to  analyze  the 
transport  processes  and  to  develop  a  macroscopic  suction  potential  model  for 
the  Integral  heat  sink. 

Figure  1  Illustrates  the  unique  use  of  a  scanning  microphotometer  to  determine 
the  steady  state  evaporating  liquid  film  profile  as  a  function  of  the  Integral 
heat  transfer  rate.  The  thickness  profile  Is  needed  to  calculate  fluid  flow 
and  heat  transfer  In  thin  liquid  films.1  The  figure  also  Illustrates  the  use 
of  small  temperature  sensors  to  measure  the  surface  temperature  profile  which 
is  needed  to  calculate  the  heat  transfer  rate  for  comparison  with  the  fluid 
flow  rate  based  on  the  thickness  profile.  He  note  that  the  exact  location  of 
the  temperature  sensors  In  the  evaporating  film  can  be  determined  during  eva¬ 
poration.  By  varying  the  concentration  of  the  liquid  charge  we  can  determine 
the  effect  of  concentration  by  analyzing  the  measured  changes  In  the  thickness 
and  temperature  gradients  with  concentration  and  heat  flow  rate.2  The  use  of 
a  new  circular  cell  design  eliminates  edge  effects.  These  measurements  along 
with  the  concepts  of  disjoining  pressure,  surface  tension,  surface  pressure, 
and  fluid  microstructure  will  be  used  to  develop  an  Integral  heat  transfer 
siuctlon  potential  model. 

!  , 

Figure  2  Illustrates  the  new  small  circular  heat  transfer  cell  which  we 
designed  and  built  during  the  first  six  months  of  the  contract.  He  note  that 
since  the  cell  Is  passive  In  that  the  interfaclally  induced  flow  rates  are 
controlled  by  the  heat  Input,  the  selection  of  the  liquid  composition  and  cell 
dimensions  are  critical.  It  Is  currently  being  tested  for  Its'  response  to 
the  following  variables:  the  volume  of  liquid  charge,  the  external  heat 
Input,  the  bulk  liquid  composition,  and  the  external  heat  sink.  Our  Initial 
tests  Indicate  that  the  cell  design  dimensions  are  approximately  correct  In 
that  tbe  Internal  flow  fields  are  desirable.  We  are  still  In  the  process  of 
developing  small  temperature  sensors. 

1.  R.  Cook,  C.Y.  Tung,  and  P.C.  Wayner,  Jr.,  "Use  of  Scanning  Microphotometer 
to  Determine  the  Evaporative  Heat  Transfer  Characteristics  of  the  Contact 
Lire  Region",  A.S.M.E.  Journal  of  Heat  Transfer,  103,  325-330  (1981). 

2.  C.Y.  Tung  and  P.C.  Hayner,  Jr.,  "Effect  of  Surface  Shear  on  Fluid  Flow  In 
an  Evaporating  Meniscus  of  a  Mixture  of  Alkanes",  Proceedings  of  the  5th 
International  Heat  Pipe  Conference,  Tsukuba,  Japan,  May  14-17,  1984,  Part 
I,  201-207. 
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INTERFACIAL  HEAT  TRANSFER 
CONTACT  LINE  REGION 


GOAL 

UNDERSTANDING  OF  TRANSPORT  MECHANISMS  IN  EVAPORATING 
THIN  LIQUID  FILM  (THICKNESS  <  1<T*  m) 

GENERAL  PRINCIPLE 

HEAT,  MASS,  AND  MOMENTUM  TRANSFER  ARE  CONTROLLED  BY 
INTERFACIAL  PHENOMENA  RESPONDING  TO  GRADIENTS  IN  THE 
THICKNESS,  TEMPERATURE  AND  CONCENTRATION 

TECHNIQUES 

1.  MEASURE  LIQUID  THICKNESS  PROFILE,  $(r),  AS  A  FUNCTION 
OF  BULK  CONCENTRATION  AND  EVAPORATION  RATE  IN  NEW 
CIRCULAR  MINIATURIZED  HEAT  TRANSFER  CELL  USING 
SCANNING  MICROPHOTOMETER. 


SCANNING  MICROPHOTOMETER,  *<r) 
CONDENSATION 

EVAPORATING  LIQUID  MENISCUS 
SILICON  SUBSTRATE 


HEAT  SOURCE 
MINIATURE  TEMPERATURE  SENSORS.  T{r) 


*  . 

2.  MEASURE  SUBSTRATE  TEMPERATURE  PROFILE.  T(r),  USING  SMALL 
TEMPERATURE  SENSORS. 


EVAPORATING  LIQUID  MENISCUS 
MINIATURE  THERMISTOR 
SILICON  SUBSTRATE 


3.  COMBINE  THE  FOLLOWING  CONCEPTS  INTO  HEAT  TRANSFER 
SUCTION  POTENTIAL  MODEL:  D^iOINING  PRESSURE.  FLUID 
MICROSTRUCTURE,  SURFACE  T.  ,S»ON,  APPARENT  CONTACT 
ANGLE,  tf(r),  T(r). 
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ACCOMPLISHMENTS 


1 .  A  SMALL  CIRCULAR  HEAT  TRANSFER  CELL  WAS  DESIGNED  AND 
BUILT 


•SCANNING  MICROPHOTOMETER 
GLASS  PORT 


ALUMINUM  COVER 


2.  CELL  DESIGN  IS  BEING  TESTED  FOR  RESPONSE  TO: 

a.  VOLUME  OF  LIQUID  CHARGE 

b.  EXTERNAL  HEAT  INPUT 

c.  LIQUID  COMPOSITION 
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UNIFIED  STUDY  OF  PLASMA- SURFACE  INTERACTIONS 
FOR  SPACE  POWER  AND  PROPULSION 


Peter  J.  Turchi,  John  F.  Davis  III, 

Joseph  Norwood,  Jr.,  Craig  N.  Boyer 

R  k  D  Associates,  Washington  Research  Laboratory 
301A  S  West  Street,  Alexandria,  VA  22314 


The  efficiency  and  lifetime  of  high  specific  power/high 
specific  impulse  space  power  and  propulsion  devices  often  depend 
on  particle  and  energy  transport  at  electrodes  and  insulators 
in  low  temperature  (0.5-5  eV)  plasma  flows.  In  the  present 
study,  actual  measurements  of  particle  and  field  distributions 
near  solid  surfaces  in  controlled  plasma  flows  are  performed 
and  used  to  develop  models  for  particle  and  energy  transport. 

A  unique  advantage  in  such  model  development,  is  our  ability  to 
vary  flow  conditions,  surface  orientation,  end  material  properties 
(plasma  and  solid)  and  to  compare  data  within  a  unified  experi¬ 
mental  framework,  thereby  allowing  complicated  interactions  to 
be  delineated. 

The  basic  arrangement  is  depicted  in  Figure  1,  indicating  a 
quasi-steady  MPD  arcjet  that  provides  plasma  flow  over  a  surface 
sample.  The  orientation  of  the  sample  to  the  flow,  placement  in 
different  regimes  of  density  and  velocity,  and  choice  of  electro¬ 
magnetic  boundary  conditions  can  all  be  adjusted  while  maintaining 
diagnostic  access.  The  magnified  insert  suggests  one  of  the  many 
possible  interactions  near  the  surface,  specifically,  transport 
of  neutral  surface  atoms  into  the  local  plasma  a  distance  scaled 
by  the  mean-free  path  for  electron-atom  ionization  X|A,  followed 
by  Coulomb  collisions,  with  mean  free  path  X|if  that  prevent  the 
surface  particle  from  returning  to  the  local  surface  (if  X|i<< 

XE*  <<  xj^  A  the  mean  free  path  for  atomic  momentum-transfer 
collisions}.  Measurements  of  particle  densities,  temperatures, 
flow  conditions,  and  electric  sheaths,  combined  with  variation 
of  atomic  properties  can  be  used  to  assess  the  actual  ordering 
of  mean  free  paths  and  establish  proper  modeling. 

A  quasi-steady  MPD  arcjet  plasma  source  has  been  designed, 
built  and  installed  in  the  existing  6  m  long  x  0.6  m  diam  vacuum 
facility.  The  arcjet  is  powered  by  a  rectangular  current  pulse 
{.£20  kA,  160  usee) .  Figure  2  shows  a  time-integrated  photo  of 
the  overall  arcjet  flow  onto  a  sample.  An  RDA-built  microchannel 
plate  camera  system  is  used  with  a  1.5  m  spectrograph  to  obtain 
time-,  space-,  and  spectrally-resolved  photos.  For  example,  with 
the  slit  normal  to  the  surface,  measurement  of  the  Stark-broadened 
H8-linewidth  provides  the  electron  density  (ne  »  2-5  x  1015  cm“3) 
near  a  polyethylene  sample  stagnating  an  argon  plasma  flow  (u  » 

17  km/3)  at  selected  times  during  flow  operation. 
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CLOSE-SPACE,  HIGH  TEMPERATURE 
KNUDSEH  FLOW 

JOHN  B.  McVEY 

RASOR  ASSOCIATES,  INC. 

253  Humboldt  Ct. 

Sunnyvale,  CA  94089 

Tha  objactiva  of  this  research  is  to  investigate  the  discharge  processes 
and  performance  characteristics  of  thermionic  energy  conversion  systems 
operating  in  the  collisionless  (Knuds an)  mode.  The  specific  processes  under 
study  are  shown  in  Fig.  1.  The  interelectzode  space  charge  can  be  reduced  by 
close  interelectrode  spacings  ("vacuum"  mode),  contact  ionisation  of  cesium 
at  the  asdttar  surface  (unignitad  mode) ,  or  introduction  of  ions  produced  in 
an  externally  generated  are.  Soviet  results  suggest  that  structured  emitters 
can  increase  the  current  and  power  densities  in  the  unignitad  mode  by  a 
factor  of  four.  Our  experimental  approach  has  been  to  use  small  diode 
structures  called  SAVTBCs,  with  spacing  set  by  thermal  expansion,  to  measure 
converter  performance  at  intaralectrode  spacings  below  20  pm.  Measurements 
have  covered  both  the  "vacuum"  and  unignitad  regimes.  Two  variable-spacing 
planar  converters  containing  mixed  cesium  and  barium  vapor  are  planned  in 
order  to  verify  and  investigate  the  structured  emitter  effect.  Theoretical 
studies  and  computer  models  of  the  coll isianless  thermionic  converter  and  its 
interaction  with  an  external  arc  supplement  tha  experimental  work.  A  two- 
dimensional  analysis  of  the  particle  kinetics  associated  with  structured 
emitter  is  planned. 

During  the  first  year  of  the  program,  experimental  results  were  obtained 
from  a  close-spaced  diode  (d  s  6.5  urn)  at  asdttar  temperatures  up  to  1250  K. 
The  performance  characteristics  agreed  well  with  vacuum  diode  theory.  Zn  the 
second  year  a  diode  with  18-20  pm  spacing  has  been  tested.  Maximum  output 
power  as  measured  at  the  electrical  leads  is  shown  in  Fig.  2  as  a  function  of 
emitter  temperature.  Up  to  about  1580  X,  the  data  are  well  characterized  by 
vacuum  diode  theory.  Above  that  temperature  the  data  follow  the  higher 
performance  predicted  by  unignited  mode  theory.  A  beneficial  effect  was 
produced  by  the  presence  of  oxygen  in  the  system,  which  increases  tha  adsorp¬ 
tion  of  cesium  on  the  asdttar  surface  and  lowers  the  cesium  pressure  neces¬ 
sary  to  achieve  a  low  asdttar  work  function. 

The  rest  of  the  program  will  concentrate  on  the  structured  emitter 
effect.  This  is  more  applicable  to  the  high-power  regime  than  SAVTEC,  which 
was  proposed  for  low-power  systems.  Analysis  has  ruled  out  associative 
ionization  as  an  important  mechanism  in  such  converters?  we  will  therefore, 
concentrate  on  understanding  the  particle  kinetics.  Two  converters  are 
planned,  one  with  a  structured  and  one  with  a  smooth  asdttar  in  order  to  make 
a  comparative  study  of  performance.  The  second  converter  is  being  substi¬ 
tuted  for  a  planned  experiment  on  breakdown  effects  between  SAVTEC  diodes. 
This  is  consistent  with  the  shift  in  emphasis  in  the  national  program  to 
high-power  systems. 
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Fig.  1  Discharge  Mechanisms  In  a  Knudsen-Mode  Thermionic  Energy  Converter 
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TWO- PHOTON  DETECTION  TECHNIQUES  FOR  ATOMIC  FLUORINE 

William  K.  Bisehel 
SRI  International 
Chemical  Physics  Laboratory 
Msnlo  Park,  CA  94025 

Ths  reacts  detection  of  atomic  fluorine  Is  an  sxtraasly  difficult  problem 
that  needs  to  be  solved  for  a  variety  of  applications*  The  feet  that  all 
optically  allowed  single  photon  transitions  to  excited  states  occur  at  wave¬ 
lengths  below  100  na  greatly  haapers  efforts  to  develop  optical  detection 
techniques.  Consequently,  there  are  currently  no  laser  based  detection 
techniques  for  P  atone  that  combine  high  sensitivity  with  e  point  detection 
capability. 

We  address  this  problsa  by  examining  two-photon  excitation  processes  In 
fluorine.  Unfortunately,  there  le  very  little  data  concerning  the  spectro¬ 
scopy  and  kinetics  of  the  two-photon  accessible  electronic  stetes.  Data 
concerning  two-photon  excitation  cross  sections,  rediatlve  lifetimes  and 
quenching  rats,  and  photoionisation  cross  sections  for  these  electronic  states 
are  crucial  to  the  development  of  a  viable  detection  technique  besed  on 
two-photon  excitation.  We  have  therefore  started  a  research  program  to  obtain 
data  on  the  spectroscopy  and  kinetics  of  the  odd  parity  electronic  states  of 
atoalc  fluoric*  while  demonstrating  two  different  types  of  detection 
techniques. 

The  electronic  states  of  primary  Interest  here  are  shown  In  Figure  1. 

The  two  states  that  will  be  the  focus  of  the  experiments  are  the  '1/2  Mat* 
at  404  cm'*  and  the  2Dj/2  state  at  117,624  cm"  ,  both  of  whicL  have  two-photon 
allowed  transitions  from  the  ground  state.  Two  different  types  of  experiments 
will  be  utilised  to  detect  and  study  the  properltles  of  these  excited 
states.  The  experiment  conducted  during  the  first  year  of  the  project  will  be 
the  Raman  excitation  of  the  2*i/2  lt(C*  as  Illustrated  In  Figure  1.  The 
apparatus  for  this  experiment  is  Illustrated  la  Figure  2.  This  experiment 
will  use  two  visible  laaersi  a  pulsed  dye  laser  laser  end  a  CM  krypton  loq 
laser  with  the  frequency  difference  between  the  two  lasers  equal  to 
404  cm"  .  The  Raman  gain  Induced  on  the  CW  laser  by  the  pulsed  laser  will  be 
recorded  as  a  function  of  frequency.  From  this  data  we  will  determine  the 
spectroscopy  of  the  fine  structure  Raman  transitions,  the  Raman  gain  cross 
section,  and  the  eolllslonal  Reman  llnewldth.  This  data  Is  critical  for  the 
determination  of  the  sensitivity  of  this  detection  technique. 

The  second  experiment  is  the  direct  two-photon  excitation  of  the  20j/2 
state.  As  shown  In  Figure  1,  fluorescence  emission  at  775  na  will  fora  the 
observed  signal.  This  experiment  requires  laser  radiation  at  170  na.  Renee 
an  Important  part  of  this  experiment  Is  the  generation  of  the  vuv  radiation  at 
the  required  Intensity.  Olffarent  generation  techniques  will  be  studied 
during  the  first  year  of  the  project. 

We  anticipate  that  the  results  of  both  experiments  Mill  be  two  fold*  (i) 
new  remote  detection  techniques  for  atomic  fluorine  will  be  demonstrated  and, 
(2)  a  wealth  of  new  data  concerning  Its  excited  states  will  be  generated. 
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COHERENT  OPTICAL  TRANSIENT  SPECTROSCOPY  IN  FLAMES 

John  M.  Dally 

Dapartnent  of  Mechanical  Engineering 
University  of  California 
Berkeley,  Ca  94720 


Coherent  optical  transient  spectroscopy  la  a  technique  In 
which  the  transient  response  of  a  group  of  molecules  to  laser 
excitation  is  observed.  The  uniqueness  of  the  method  lies  In  the 
fact  that  when  transient  experiments  *.re  conducted  on  a  time 
scale  short  compared  to  colllsional  relaxation  times,  coherent 
phenomena  occur  which  enable  one  to  directly  observe  the  rates  of 
a  variety  of  colllsional  processes.  Furthermore,  the  coherent 
pheenomena  can  be  quite  strong,  resulting  in  large  signals  and 
thus  high  data  rates.  Prooesses  such  as  state-to-state  energy 
transfer,  optical  dephaalng  and  velocity  redistribution  can  be 
studied. 

An  example  experiment  is  shown  In  Figure  1.  An  actively 
stabilised  CM  dye  laser  is  used  as  a  source.  By  passing  the  beam 
through  a  traveling  wave  modulator  to  which  a  high  voltage  pulse 
has  been  applied,  the  frequency  may  be  shifted  up  to  15  GHz 
within  150  psac  for  periods  of  several  nanoseconds.  Thus,  one 
may  shift  into  or  out  of  resonance  with  an  absorption  line  or 
Interest  and  observe  the  transient  behavior  that  results.  The 
type  of  transient  we  will  be  observing  is  Free  Induction  Decay  In 
which  the  laser  beam  Is  suddenly  shifted  out  of  resonance  with  an 
absorption  line  and  the  transient  absorption  signal  observed. 
The  decay  rate  of  the  transient  signal  is  the  colllsional 
dephasing  rate  for  that  transition.  Also  Illustrated  In  Figure  1 
are  several  other  types  of  excitation,  the  transient  they  produce 
and  the  quantities  one  can  obtain. 

Me  have  been  focusing  on  studying  CH  In  our  low  pressure 
flame  faolllty.  A  complete  layout  of  our  equipment  In  two 
configurations,  one  for  COTS  and  another  for  making  high 
resolution  absorption  measurements,  is  shown  In  Figure  2.  A 
rlsetlme  curve  for  the  traveling  wave  modulator  Is  shown 
demonstrating  a  less  than  200  paec  electrical  rise  time. 
Emission  profiles  through  the  flame  are  also  shown  as  are 
Boltzmann  plots  showing  that  the  excited  CH  Is  fairly  well 
equilibrated.  Also  shown  Is  a  high  resolution  laser  Induced 
fluorescence  line  profile  and  an  example  of  the  resolution 
obtained  In  the  absorption  configuration.  Coupled  with  a 
thorough  study  of  CH  In  our  flame  by  emission  and  high  resolution 
f lurescence  and  absorption  spectroscopy,  the  COTES  measurments 
will  provide  Information  essential  for  making  accurate 
fluorescence  and  coherent  Raman  measurements  In  practical 
combustion  devices. 
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Development  of  Velocity  Measurement  Technique 
by  Pulsed  Laser  Doppler  Anemometry 

Department  of  Chemical  Engineering  and 
Fuel  Technology,  The  University  of  Sheffield, 
Sheffield,  England 

B.C.R.  Evan  and  J.  Swithenbank 


The  objective  of  the  present  study  is  to  extend  the  conventional  point 
measuring  ability  of  laser  Doppler  anemometry  to  a  line  measurement.  Such 
e  facility  trill  be  an  important  advance  and  of  particular  use  in  transient 
flow  situations  such  as  periodic  combustion  systems  or  small  rocket  firings, 
where  it  is  impractical  to  traverse  the  field  of  interest  in  the  timo  avail¬ 
able. 

Two  immediate  requirements  follow  from  this  modification.  The  first  is  that 
of  monitoring  several  points  along  the  line  measuring  volume  simultaneously, 
leading  to  a  multi-channel  data  collection  end  analysis  system.  The  second 
stems  from  the  diadnished  beam  intensity  in  the  measuring  volume  due  to  its 
extension  and  the  need  to  restore  scattered  light  intensity  by  increasing 
laser  power  or  scattering  particle  diameters.  The  present  approach  aims  at 
investigating  these,  requirements  by  two  parallel  lines  of  study. 

The  first  aims  at  developing  the  optics  and  signal  processing  necessary  to 
produce  and  analyse  the  Doppler  signals.  This  is  being  done  using  a  CV 
argon  ion  laser  operating  in  a  conventional  laser  Doppler  configuration, 
with  the  exception  of  the  output  lens  »  which  is  cylindrical  and  produces  a 
line  intersection  within  the  measureswnt  field.  Scattered  light  from  this 
line  is  imaged  on  to  ah  array  of  detector  elements,  which  for  the  argon 
laser,  consists  of  five  single  core  fibre  optic  heads.  Each  of  these  leads 
to  a  separate  photomultiplier  tube  producing  five  parallel,  output  channels. 
Two  hardware  options  are  being  pursued  to  analyse  these  channels. 

The  first  is  to  use  a  multi-channel  disc  or  tape  recorder  to  store  the 
individual  Doppler  bursts  for  subsequent  analysis,  channel  by  channel.  The 
interfacing  and  software  to  analyse  these  functions  already  exists. 

At  the  same  time  a  five  channel  reel  time  processor  is  being  built,  the 
output  from  which  can  easily  be  monitored  with  a  micro-computer.  Due  to 
the  higher  frequency  handling  ability  of  such  a  processor,  compared  with 
the  2  KHz  available  with  magnetic  tape,  this  is  a  preferred  solution,  since 
wi.h  an  increase  In  frequency,  measuring  volume  width  can  be  reduced  lead¬ 
ing  to  better  signal  to  noise  ratios.  Figure  1  shows  a  schematic  of  the 
present  system. 

Progress  with  the  argon  ion  system  to  data  consists  of  the  completion  of 
the  optical  arrangement  in  conjunction  with  an  air  jet  and  suitable  part¬ 
icle  seeding,  capable  of  producing  sonic  jets.  An  indication  that  good 
date  can  be  obtained  from  the  extended  line  volume  is  shown  in  Figure  2, 
which  shows  an  expanded  image  of  the  line  intersection  and  also  a  typical 
Doppler  burst,  both  in  its  raw  and  filtered  state. 

The  second  parallel  element  of  the  study  aims  at  overcoming  the  low  light 
level  in  the  measuring  volume  using  the  high  powers  available  with  pulsed 
lasers.  In  this  way  it  is  also  intended  to  switch  from  PM  tubes  to  solid 
state  detection.  For  this  purpose,  a  five  element  photodiode  array  of  the 
correct  bandwidth  is  being  fabricated  and  this  will  fill  the  place  of  the 
present  fibre  optics  when  the  pulsed  laser  study  begins.  An  important  pert 
of  this  development  involves  the  suitable  shaping  of  the  pulsed  ruby  out¬ 
put  pulse  in  order  to  match  this  to  the  particle  transit  times.  Present 
pulse  widths  without  Q  switching  ere  around  5  Vsee  where*  transit  times 
of  around  10  usee  can  be  expected.  The  possibilitiea  being  investigated 
centre  around  the  suitable  choice  of  laser-cavity  gain  and  ultimately  by 
applying  negative  fsedback  to  the  gain  to  extend  the  pulse. 
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QUANTITATIVE  FLOW  VISUALIZATION 
Ronald  K.  Hanson 

Mechanical  Engineering  Department 
Stanford  University 
Stanford,  California  94305 


The  utility  of  flow  visualization  In  fluid  mechanics  is  well  established. 
Until  recently,  however,  most  visualization  techniques  have  been  qualitative 
and  based  on  llne-of-slaht  approaches  poorly  suited  for  flows  with  three- 
dimensional  characteristics  and  varying  coeposition.  With  the  development 
of  laser-based  light  scattering  techniques.  It  has  become  possible  to  obtain 
temporally  resolved,  quantitative  records  of  flow  properties  throughout  a 
plane  (and  ultimately  throughout  a  volume)  using  sheet  Illumination  and  tech¬ 
niques  such  as  Raman,  fluorescence  and  Mle  scattering.  The  aim  of  the  Stanford 
program  has  been  to  establish  methods  for  visualizing  a  range  of  flowfleld 
parameters  including  temperature,  velocity,  species  concentrations,  pressure, 
and.  In  the  case  of  two-phase  flows,  droplet  or  particle  distributions. 

Ideally  these  techniques  should  be  applicable  to  nonreacting  and  reacting 
flows.  Including  plasmas.  Most  of  our  work  has  utilized  planar  laser-induced 
fluorescence  (PLIF),  except  for  particle  visualization  which  uses  planar  Mle 
scattering  (PMS). 

The  approach  and  some  representative  results  for  temperature  and  velocity 
are  shown  In  the  following  figures.  Figure  1  provides  an  overview  of  the 
fluorescence-based  temperature  sensing  strategy,  and  Figure  2  presents  repre¬ 
sentative  results  for  Instantaneous  temperature  contours  In  a  vertical  plane 
In  a  rod-stabilized,  premixed  CH4-a1r  flame.  Figure  3  Is  a  schematic  diagram 
Of  the  two-frequency  strategy  for  monitoring  velocity,  also  based  on  fluores¬ 
cence,  and  Figure  4  provides  sample  results  for  the  axial  velocity  component 
In  a  subsonic,  room  temperature  nitrogen  rbundjet.  For  both  temperature  and 
velocity  visualization,  the  recording  camera  has  been  an  Intensified  Retlcon  , 
array  (100  x  100)  Interfaced  with  a  DEC  11/23  laboratory  microcomputer  for 
experiment  control,  data  processing  and  display.  For  temperature  measurements, 
the  light  source  Is  a  pulsed  dye  laser  system,  yielding  tunable  output  near 
226  nm,  and  the  absorbing/fluorescing  tracer  species  Is  nitric  oxide.  For 
velocity  visualization  we  employ  a  tunable  cw  Ar*  laser,  operating  on  a  single 
axial  mode  near  515  nm,  and  the  tracer  species  Is  Iodine.  We  should  note  that 
the  two-frequency  velocity  scheme  also  yields  a  value  for  the  normalized  slope 
of  the  absorption  llneshape  function,  (dg/dv)/g,  at  each  flowfleld  point. 

Ovlng  to  the  sensitivity  of  this  fimctlon  to  pressure.  It  should  therefore 
be  possible  to  simultaneously  Infer  pressure  from  the  same  observations  when 
pressure  broadening  Is  significant.  Combined  pressure  and  velocity  visualiza¬ 
tion  In  supersmlc  flows  will  be  attempted  In  future  work. 
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FIG.  3  TWO-FREQUENCY  STRATEGY  FOR  VELOCITY  VISUALIZATION 
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FIG.  *1  APPROACH  AND  RESULTS  FOR  VELOCITY  VISUALIZATION  TECHNIQUE 
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OPTICAL  PROCESSING  AND  PHASE  CONJUGATION 

Lambnrtws  Hwtllak 
Stufbrd  University 
Stanford  CaL  *4301-3184 

RESEARCH  OBJECTIVE  The  objective  of  the  research  prognm  is  to  investigate  inao- 
vative  sew  approaches  for  making  qaaatitative  mease  repeats  ia  combatting  lows.  Techniques 
aader  investigation  include  optical  sad  digital  image  processing, ,  holography  aad  phase  coajuga- 
tioa. 

EXPLANATION  OP  THE  APPROACH  Two  aew  di  agios  tic  techaiqaes  an  aader 
iavestigatioa.  The  list  techaiqae  is  a  aew  method  for  obtaiaiag  species  eoaceatratk>B  ia  a  lame 
asiag  phase  coejagatioa  (DFWM).  Two  eo-ster  propagating  laser  beams  (or  sheets)  are  incident 
oa  a  lame  seeded  with  sodiem,  aad  a  third  probe  beam  intersects  the  other  two.  The  probe  aad 
paasp  beam  1  form  a  gratia g  ia  the  mediam  by  modalatiag  the  iadex-of-reflractioa  throe gh  a  aoa- 
tiaear  x*  proceaa.  The  aeeoad  pamp  beam  ia  aaed  to  read  oat  the  hologram  ia  real  time  aad  a 
foarth  coaater-propagatiag  or  phaae  coajagate  probe  beam  reach).  The  iateaaity  of  this  beam  ia 
directly  proport  ioeal  to  the  local  aodiam  a  amber  density  aad  thaa  provides  a  mesas  for  meaaariag 
species  coaceatratioa.  Aa  aa  example  we  have  disc  eased  sodism,  bat  reaction  species  aad  radicals 
caa  be  mr seared  ia  the  saaae  fashioa  h  well. 

The  second  techaiqae  ia  a  aew.  method  for  mahiag  real-time  velocity  meaaarements  ia  a 
plmae  asiag  speckle  interferometry.  A  sheet  of  User  light  is  aaed  to  iDumiaate  a  particle  laden 
combatting  low  aad  scattered  radiation,  called  a  speckle  patten,  is  recorded  on  a  high  resolitioa 
photorrfractive  crystal.  Velocity  iaformatioa  caa  be  obtained  by  saperimpeeing  two  speckle  pat¬ 
terns  oa  the  crystal.  Upon  iHnmiaation  of  the  crystal  by  another  laser  beam  Yoang’t  fringes 
resalt  ia  the  far  I  rid  di  fraction  patten.  The  fringe  spacing  aad  orientation  of  the  friagea  art 
directly  related  to  the  velocity  vector.  It  is  also  possible  to  record  multiple  exposares  aad  tbas 
provide  a  time  seqaeacee  of  velocity  at  repetition  rates  ia  excess  of  thoasaads  of  frames  per 
second  for  a  total  of  a  few  hand  red  frames.  Ia  addition  the  crystal  caa  be  ased  for  optical  pro¬ 
cessing  sack  as  determining  coatoar  tines  of  eqasl  velocity. 

UNIQUENESS  OF  THE  APPROACH.  The  new  techniqae  of  phase  coajagatioa 
(DFWM)  ia  a  lama  caa  ba  compared  with  CARS  or  BOXCARS.  DFWM  ia  superior  to  the  alter¬ 
natives  ia  that  the  signal  strength  is  sabstaatiaity  higher,  which  allows  for  better  spatial  resola- 
tioa  ud  S/N  for  a  given  amonat  of  laser  power.  Tbe  optical  conlgaratioa  is  aim  very  ranch 
simpler  for  DFWM  becaaee  phase  matching  is  aatomaticaily  accomplished.  Ia  addition,  since 
only  tight  of  a  single  frequency  ia  aaed  ao  moaockromater  or  other  beam  separation  devices  are 
needed. 

The  am  of  a  photoeefrtetive  recording  material  for  speckle  metrology  allows  real-time  meae- 
e remeat  of  velocity  ia  a  plane  for  the  first  time,  la  addition  movie  data  caa  be  obtained  at  very 
high  rates.  Other  approaches  involving  solid  state  cameras  do  not  have  tbe  required  resolution  for 
speckle  metrology  aad  the  conventional  techaiqae  of  asiag  film  provides  only  map  shot  velocity 
iaformatioa. 

RESULTS.  The  first  demoastratioa  of  DFWM  was  achieved  ia  oar  laboratory  a  few 
months  ago.  Tbe  coaceatratioa  of  sodium  ia  a  small  laboratory  flame  has  beea  measured  using 
the  aew  DFWM  techaiqae;  results  of  this  experiment  ire  reported  ia  a  publication  submitted  to 
Opt.  Lett.  The  technique  shows  excellent  promise  aa  a  diagnostic  tool  for  combustion  research. 

The  real-time  speckle  veloeimetry  work  was  started  a  few  months  ago,  but  preliminary 
results  are  available.  We  have  demonstrated  that  indeed  photorefracthre  materials  caa  be  ased  as 
a  recording  medium  for  speckle  patterns.  A  aew  laboratory  facility  has  beea  set  ap,  including  a 
small  jet  facility,  optical  components  aad  iastnmentatioB  for  analysing  the  fringe  patterns.  We 
expect  to  demonstrate  a  working  system  within  a  few  months. 
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PHASE  CONJUGATION 


phase  conjugate 
output 


NOVEL  ASPECTS 

•  First  demonstration  of  phase  conjugation  in  a  flame. 

•  Better  signal  strengths  compared  with  CARS  or 
BOXCARS. 

•  Excellent  spatial  resolution. 

•  Only  light  of  one  color  required. 

•  Simple  optical  set-up. 
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REAL-TIME  SPECKLE  VELOCIMETRY 


photorefractive  CCD  array 


X-tai 


NOVEL  ASPECTS 

•  Real-time  velocity  measurement  in  a  plane 
or  volume. 

•  Movie  data  of  velocity  can  be  obtained  at  very 
high  rates  in  excess  of  thousands  of  frames  per 
second. 

•  Optical  processing  can  provide  ,  for  instance, 
contour  lines  of  velocity. 

•  Excellent  spatial  resolution. 
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STRATEGY  FOR  ADVANCES  SENSING  AND  CONTROL 
OF  COMBUSTION 

Nark  L.  Magurka,  Juan  I.  Ramos  and  W.A.  Sirignano 
Department  of  Mechanical  Engineering 
Carnegie -Mel Ion  University 
Pittsburgh,  Pennsylvania  15213 

The  objective  of  this  research  program  is  to  investigate  approaches  to  the 
sensing  and  control  of  coabustion  processes.  In  order  to  achieve  this  ob¬ 
jective  %  series  of  control  probleas  are  being  considered.  Each  successive 
problea  contains  a  more  detailed  nodal  of  the  coabustion  process  than  the 
previous  problea.  In  the  first  problea,  a  nodal  equation  describing  the 
teaperature  distribution  through  a  propagating  flame  has  been  studied.  The 
sensing  and  control  problea  is  formulated  such  that  a  suitably  defined  flame 
front  is  driven  to  or  aaintained  at  a  desired  location.  Various  definitions 
for  the  flaae  front  location  have  been  used  to  generate  control  probleas  for 
distributed  psraaeter  systaas  (DPS)  in  a  classical  format.  For  exanple,  the 
flaae  can  be  defined  as  the  inflection  point  of  the  teaperature  profile. 

Using  such  a  definition  is  possible  to  state  an  ordinary  differential 
equation  governing  the  floe  velocity  and/or  nixture  ratio.  The  flow  velocity 
and  thermochemical  properties  of  the  nixture  are  collapsed  in  one  psraaeter 
V  here  referred  to  as  velocity.  Solution  of  the  partirl  differential  equation 
governing  the  teaperature  distribution  together  with  the  ordinary  differential 
equation  for  V  yields  the  results  for  the  controlled  problea.  Two  sensors 
at  neighboring  locations  and  the  tenperstures  neasured  by  then  are  enployed 
to  determine  the  velocity  V.  The  gain  of  the  control  system  is  reflected 
through  a  characteristic  tine  r.  Figures  1  and  2  present  the  tenperstures 
measured  at  the  two  sensor  locations  and  the  controlled  psraaeter  V  as  a 
function  of  tlae.  The  temperatures  and  velocity  converge  to  a  stable  steady 
solution.  For  the  aodel  problea  considered  here,  an  exact  analytical  solu¬ 
tion  is  known  for  the  steady  state  and  it  coincides  with  our  converged  result 
obtained  by  aeans  of  a  finite-difference  solution  of  the  isisteafiy  problea. 

(The  finite-difference  net hod  enployed  in  the  calculations  shown  in  Figures 
1  and  2  is  second-order  accurate  in  both  space  and  tine,  and  is  based  on  a 
tiae  linearization  of  the  reaction  terms.)  In  this  first  problea,  the 
location  of  the  sensors  was  selected  a  priori  and  calculations  were  performed 
to  investigate  the  effects  of  the  sensor  locations,  reaction  rate,  and 
characteristic  time  t  on  the  control  problem.  In  the  next  class  of  problems, 
we  will  optimize  the  location  of  the  sensors  in  order  to  achieve  the  research 
program  goals. 


VELOCITY  PROFILE 
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1-D  Laser  Doppler  inatrumentatlon 


Holger  T.  Sommer 

DepertaeaC  of  Mechanical  Engineering 
Carnegie- Mellon  University 
Pittsburgh,  PA  15213 

The  need  for  time  sad  space  resolved  simultaneous  velocity  inf omatlon  increases 
with  growing  sophistication  of  turbulence  models.  Theoreticians  request  initial 
and  boundary  conditions  for  turbulent  quantities  currently  inaccessible  to 
experimental  techniques.  Laser-Doppler  veloc  laetry  has  developed  to  an  accepted 
method  for  investigating  the  turbulent  flow  fields.  However  the  information 
obtained  applying  LDV  to  turbulent  flows  la  restricted  to  measuring  velocity 
components  locally  and  simultaneously.  Zn  addition  to  velocity  data  obtained  at 
one  point  in  the  flow,  turbulence  la  influenced  by  the  local,  instantaneous 
velocity  gradient. 


This  project  focuses  on  the  development  of  the  reliable  measuraawnt  of  instanta¬ 
neous  velocity  gradients  by  obtaining  profiles  of  one  component  of  the  velocity 
vector  instantly.  The  instrument, consists  of  the  standard  transmitting  optics 
of  s  LDV-system  modified  with  cylindrical  lenses  to  form  laser  sheets.  The  laser 
sheets  cross  and  form  a  cylindrical  LDV-measur ament  volume.  The  fringes  of  the 
volume  are  oriented  perpendicular  to  the  velocity  component  of  interest  and 
scattered  light  from  petlcles  moving  through  the  voluee  transmits  the  velocity 
inf onset ion  to  the  photo  diode  array.  The  signal  from  the  photodiodes  is  pro¬ 
cessed  in  two  different  ways.  The  analog  LDV-burst  la  stored  on  tape.  Later 
on  it  is  digitised  and  numeric ally  analysed  to  obtain  the  relevant  velocity 
Information.  The  second  method  of  reducing  the  data  involves  optical  frequency 
analysis  developed  earlier  with  APOSS  support.  The  laser  doppler  signal  detected 
by  the  photodiodes  is  high-pass  filtered  and  amplified.  This  signal  drives  a 
Bragg-cell  which  acts  aa  an  optical  frequency  analyser.  The  displacement  of  the 
first  order  of  deflection  of  a  laser  beam  passed  through  the  Bragg-cell  is  propor¬ 
tional  to  the  signal  frequency.  By  feeding  the  laser  doppler  bursts  observed  by 
different  photodiodes  to  the  Bragg-cell,  and  correlating  the  frequency  proportional 
displacement  of  the  analysing  laser  beam  with  the  location  along  the  LDV-volume, 
a  velocity  profile  can  be  obtained.  Zn  order  to  obtain  instantaneous  velocity 
profiles,  a  tine  window  is  opened  which  is  sufficiently  short  to  time  resolve  the 
turbulence  of  the  flow.  The  coincidental  property  of  these  measurements  is  of 
importance  to  measure  turbulent  properties  like  the  dissipation  rote  of 
turbulence,  I  .  . . - 


€ 


s 


Zn  which  the  gradient  of  the  fluctuating  velocity  dissipates  the  kinetic  energy  of 
turbulence. 

Figure  1  shows  a  schematic  of  the  transmitting  and  receiving  optics  of  the  system 
developed  with  AROSE  support.  Figure  2  illustrates  the  diagnostic  electronics  of 
the  first  method  to  record  the  data  and  reduce  them  to  useful  information.  Figure  3 
shows  the  optical  frequency  analyser. 
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RESONANT  CARS  DETECTION  OF  OH  RADICALS 
Jams  F.  Verdi eck 

Uni tad  Technologies  Research  Cantar 
East  Hartford,  CT  06108 


Coherent  anti-Stokas  Raaan  spectroscopy  (CARS)  is  an  iaportant 
spactrosopic  tachniqua  Mhich  fulfills  several  raquiraaants  for 
probing  hostila  combustion  anvironaants  that  are  of  priaary 
intarast  to  tha  Air  Forca.  Tha  savaral  advantages  and  nuaarous 
applications  of  CARS  diagnostics  hava  been  wall -chronicled 
elsewhere.  A  liaitation  of  noraal  CARS  is  that,  at  at  mother  ic 
pressure,  detection  requires  a  species  concentration  of  about  1 
percent  or  greater.  The  aia  of  this  prograa  has  bean  to  extend 
CARS  diagnostics  to  ainority  species,  in  particular  r&dicals, 
through  tha  tachniqua  of  resonant  CARS.  Tha  essentials  of 
resonance  CARS  are  illustrated  in  Fig.  1.  The’ hydroxy  radical  was 
chosen  as  a  candidate  aolecule  because  of  its  seainal  iaportance 
in  both  coabustion  and  ataospheric  chaaistry.  The  approach  taken 
throughout  this  prograa  has  been  to  achieve  an  understanding  of 
the  basic  physics  of  electronic  resonant  CARS  in  OH,  including 
effects  of  tuning,  laser  linewidth  dependence,  choice  of 
electronic  transition,  and  saturation  considerations. 

At  UTRC  the  first  observation  of  resonant  CARS  in  OH  has  been  aade 
under  several  conditions,  including  several  different  choices  of 
the  electronic  resonant  frequency.  The  aaplitude  and  shape  of  a 
particular  CARS  spectrum  are  very  sensitive  to  the  precise  tuning 
to  the  electronic  resonance.  The  OH  resonant  CARS  spectrum  has  a 
much  greater  amplitude  than  the  adjacent  water  (conventional)  CARS 
spectrum.  In  addition  to  the  experiaents,  the  theory  of  resonant 
CARS  in  OH  has  been  treated.  Agreement  between  theory  and  experi¬ 
ment  is  generally  good,  except  for  the  experimental  observation  of 
satellite  structure  about  the  central  line.  This  observation  is 
shown  in  Fig.  2,  which  compares  the  theoretical  spectrum  predicted 
for  excitation  into  Q1 (2)  of  the  X  to  A  transition,  with  the 
experimental  spectrum.  The  major  discrepancy,  highlighted,  by  the 
expanded  inset  of  Fig.  2,  is  the  asymmetrically  disposed  fine 
structure  about  the  strong  central  line.  This  satellite  structure 
is  now  the  subject  of  investigation.  Several  causes  have  been 
proposed,  among  them  arei  (1)  Saturation,  which  can  lead  to  power- 
induced  extra  resonances, whose  spacing  depends  upon  the  optical 
power,  (2)  Rotational  redistribution  in  either  the  upper  or  lower 
states,  (3)  Overlap  of  electronic  resonance,  so  that  two  spectra 
are  superposed.  Other  future  work  involves  determining  the 
applicability  of  resonant  CARS  as  a  diagnostic  technique  for  OH 
(and  other  radicals),  against  LIF  as  a  standard.  Does  resonant 
CARS  have  an  advantage  at  high  pressure?  Another  problem  is  to 
explore  whether  saturated  CARS  can  be  employed  for  concentration 
measurement,  and,  if  so,  the  concentration  range  of  applicability. 
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Study  the  physics  of  resonant  CARS  spectroscopy 
Investigate  multiple  electronic  resonances 
Determine  the  CARS  detectivity  limit  for  OH 
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SPRAY  CHARACTERIZATION  USING  PHASE  ANGLE  DETECTION 

William  D.  Bachalo 
Aerometrics,  Inc. 

P.O.  Box  308 

Mountain  View,  CA  94042 


A  new  method  with  the  potential  for  obtaining  spray  drop  size  and  velocity  measure¬ 
ments  in  sprays,  two-phase  flows,  and  eventually,  in  spray  combustion  is  under  investi¬ 
gation.  The  Phase/Doppler  method  is  a  unique  method  for  obtaining  drop  size  infor¬ 
mation  wherein  the  measurements  are  obtained  from  the  phase  of  the  scattered  light. 

The  theoretical  description  of  the  method  was  originally  derived  using  a  geometrical 
optics  approach.  This  approximation  provided  an  adequate  description  of  the  phenomena 
while  remaining  simple  enough  to  understand  the  physics  and  the  effects  of  the  optical 
parameters.  However,  the  exact  Mie  theory  was  used  to  verify  these  results  and  to 
investigate  the  possible  effects  of  light  scattered  by  the  combined  mechanisms  of 
refraction  and  reflection.  The  Mie  theory  allowed  the  identification  and  avoidance  of 
these  regions.  Calculations  based  on  the  simple  geometrical  optics  approach  were  In 
excellent  agreement  with  the  experimental  data  for  particles  greater  than  5  micrometers 
in  diameter.  Mie  theory  calculations  demonstrated  that  particles  as  small  as  1 
micrometer  can  be  measured. 

The  method  ,  as  illustrated  in  Figure  1,  consists  of  an  optical  system  which  is  the  same 
as  a  LDV  except  that  three  detectors  are  located  at  selected  spacings  behi-'i  the 
receiver  aperture.  Droplets  passing  through  the  intersection  of  the  two  beams  scatter 
light  which  produce  an  interference  fringe  pattern.  The  spacing  of  the  fringes  is  directly 
proportional  to  the  droplet  diameter  but  also  depends  on  the  light  wavelength,  beam 
intersection  angle,  droplet  refractive  Index  (unless  reflected  light  is  measured),  and  the 
location  of  the  receiver.  Measurement  of  the  spacing  of  the  fringe  pattern  produced  by 
the  scattered  light  may  be  achieved  by  placing  pairs  of  detectors  at  selected  spacings  in 
the  fringe  pattern  or  its  image.  As  the  fringes  move  past  the  detectors  at  the  Doppler 
difference  frequency,  the  detectors  produce  Identical  signals  but  with  a  phase  shift 
proportional  to  the  fringe  spacing.  The  utilization  of  three  detectors  ensures  that  phase 
ambiguity  does  not  occur,  provides  redundant  measurements  for  signal  validation  and 
allows  an  expanded  operating  range  while  maintaining  good  sensitivity. 

Experiments  were  conducted  to  disclose  any  practical  limitations  of  the  method. 
Monodisperse  drop  streams  were  used  in  conjunction  with  sprays  in  the  optical  path  to 
assess  the  impact,  if  any,  of  random  beam  attenuations  and  distortion.  Sprays  typical  of 
those  found  in  gas  turbine  combustors  were  measured,  Figure  2.  The  size  distributions, 
size-velocity  correlations,  mean  and  rms  velocities  for  each  size  class,  and  the  time  of 
arrival  were  obtained. 

Each  size  distribution  was  normalized  to  account  for  the  variation  in  sampling  cross 
section  with  the  drop  size.  Wherever  possible,  the  results  were  compared  to  measure¬ 
ments  performed  with  other  methods.  In  aii  cases  the  results  were  very  favorable. 

Preliminary  Investigations  have  been  conducted  on  the  effects  of  turbulence-induced 
refractive  index  fluctuations  produced  by  flames  on  the  drop  size  measurements. 

Further  research  leading  to  measurements  in  spray  flames  will  be  conducted  in  the 
second  year  of  the  program. 
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Figure  2c-  Drop  Size  Dtetributiona  and 
Size-Velocity  Correlation* 


Figure  2.  Repreeentative  Experimental  Data 
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LASER  HUSSION  AND  COHERENT  RAMAN  SCATTERING  FROM  INDIVIDUAL  FLOWING  DROPLETS 

Richard  X.  Chang,  Marshall  B.  Long,  and  Reman  Kuc 
Tala  University 
Cantar  for  Laser  Diagnostics 
New  Haven,  Connecticut  06520 

It  lay  be  possible  to  use  the  coherent  but  non-directional  laser  emission 
frost  individual  particles  as  active  Barkers  for  flow- field  visualization  and 
resets  illumination,  in  particular,  new  applications  aay  be  viable  with 
coherent  eatission  droplets  as  velociastry  Barkers  in  otherwise  optically  dense 
two-phase  flows  and  in  overwhelmingly  high  elastic  scattering  environaents  such 
as  near  a  solid  boundary.  Furthermore,  determination  of  the  chemical  species 
of  individual  droplets  appears  to  be  possible  with  coherent  Raaan  emission. 

New  research  has  just  been  initiated  on  the  nonlinear  optical  emission  from 
water  droplets  and  ethanol  droplets  with  and  without  Rhodamine  6G  or  Courmarin  , 
dyes. 

Laser  emission  from  individual  liquid  ethanol  droplets  (radius  *30  urn  and 
at  room  temperature)  containing  Rhodamine  6G  at  wavelengths  commensurate  with 
morphology- dependent  resonances  (MDRs)  has  been  observed.  For  a  conventional 
dye  laser,  optical  feedback  (i.e.,  higher  Q)  at  selected  wavelengths  is  provided 
by  an  external  wavelength  dispersive  elsment.  For  a  droplet  dye  laser,  higher 
Q  at  selected  wavelengths  is  provided  by  the  MDRs  associated  with  the  liquid-air 
interface  of  the  droplet.  At  these  resonances,  standing  waves  result  from  the 
total  internal  reflection  at  the  liquid-air  boundary  of  counterpropagating  waves 
close  to  the  circumference  of  the  droplet  (see  Fig.  1) .  Since  the  fluorescence 
linewidth  of  Rhodamine  6G  is  hcsngeneously  broadened,  the  emitted  radiation  will 
strongly  favor  those  wavelengths  which  correspond  to  the  M>Rs.  The  laser 
maission  was  noted  to  consist  of  spectrally  narrow  peaks  spanning  the  fluores¬ 
cence  gain  profile.  The  output-vs- input  intensity  dependence  was  noted  to  be 
linear  at  low  input  power  and  was  followed  by  an  exponential  growth,  finally 
reaching  a  saturation  region  at  higher  power. 

Stimulated  Raman  scattering  (SRS)  from  individual  or  ethanol  droplets 
at  wavelengths  commensurate  with  MDRs  and  the  spontaneous  Raman  Stokes  radiation 
has  recently  been  observed.  Two  notable  features  in  the  SRS  emission  from  the 
droplets  ares  (1)  the  occurrence  of  a  series  of  spectrally  narrow  peaks  that 
are  nearly  equally  spaced  in  wavelength  throughout  the  entire  linewidth  of  the 
dominant  spontaneous  Raman  vibrational  modes  (see  Fig.  2)  »  and  (2)  the  input 
intensity  required  to  achieve  the  SRS  threshold  for  the  droplet  is  an  order 
of  magnitude  less  than  that  for  the  corresponding  bulk  liquid  with  2-4  cm  path 
length.  Both  observations  are  consistent  with  MDRs  resulting  from  the  spheri¬ 
cal  liquid-air  interface  which  forms  an  efficient  optical  cavity  for  the  SRS. 
Investigations  on  the  coherent  anti-Stokes  Raaan  scattering  (CARS)  from  indi¬ 
vidual  droplets  are  underway . 


*>*•  V*  M  v  c  »/  s„-  #.*.  v*  C  si  s'  * 


re^. 


<4  •*.  <\  A  A  A  •*.  A 


<%•-«%  AAA  A  AAA  »\V 


••  198$  ROCKET  RESEARCH  MBETINO  •• 
Abstract  70  Pg  2 


TWO  INTERNAL 
COUNTER  PROPAGATING 
WAVES 


TOTAL 

INTERNAL 

REFLECTION 
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figure  1.  Optical  wm  structure  within  a  droplet.  Fluorescence  radiation 
within  tha  droplet  undergoes  total  internal  reflection  at  the 
liquid-gas  interface.  The  droplet  acts  as  an  optical  resonator 
for  counterpropagating  waves  around  tha  circumference . 
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SIZE  AMD  SHAPE  CHARACTERIZATION  OP  INDIVIDOAL  PLOWING 
DROPLETS  BY  LASER  LIGHT  SCATTERING 

Richard  K.  Chang,  Boa-Tab  chu,  and  Marshall  B.  Long 
Yala  University 
Cantor  for  Laser  Diagnostics 
New  Haven,  Connecticut  0G520 

In  two-phase  flows,  the  sire  and  shape  distribution  of  the  fuel  droplets 
affect  combustion  and  their  chemical  by-products.  The  evaporation  rate  of  a 
single  droplet  within  a  spray  depends  on  the  heat  flux  directed  toward  it  and 
on  its  vapor  environment.  Both  these  quantities  depend  on  the  proximity  of 
neighboring  droplets  and  also  on  the  collective  evaporation  and  combustion 
properties  of  all  the  droplets.  The  temperature- dependant  surface  tension  and 
the  bulk  viscosity  of  a  single  droplet  affect  the  droplet  shape  as  well  as  its 
shape  oscillations  as  the  droplets  flow  in  a  combustor  and  are  acoustically 
perturbed. 

He  report  a  new  technique  for  determining  both  the  size  changes  and  the 
shape  distortions  of  individual  droplets  flowing  in  a  linear  stream.  This 
technique  is  based  on  the  "whispering  gallery  nodes"  or  more  accurately 
morphology-dependent  resonances  (MDRs)  associated  with  microparticles  having 
a  rotational  axis  sywmetry .  For  size  and  shape  determination,  we  chose  to 
measure  the  M>Rs  in  the  fluorascence  spectra  from  ethanol  droplets  "tagged” 
with  Rhodamine  6G  dye.  Highly  nonodisperse  tagged  ethanol  droplets  are 
generated  by  a  modified  Berglund-Liu  vibrating  orifice  generator.  The  drop¬ 
lets  have  a  radius  in  the  10-50  un  range  with  a  monodispersity  of  one  part 
in  104-105  and  spacing  within  a  linear  stream  of  “vlOO  ye. 

The  evaporation  of  droplets  within  a  linear  stream  can  be  readily  deter¬ 
mined  by  measuring  the  wavelength  shift  of  specific  MDRs  from  miccessive  drop¬ 
lets  further  downstream  from  the  orifice,  since  the  droplet  decreases  in  size 
monotonically  with  ties  after  exiting  the  orifice.  Our  results  demonstrate 
that  the  wake  of  preceding  droplets  significantly  decreases  the  evaporation 
rate  of  a  droplet  within  the  linear  stream. 

The  surface  tension  and  viscosity  of  an  ethanol  droplet  flowing  within 
a  linear  stream  can  be  determined  by  measuring  the  wavelength  oscillation  of 
specific  MDRs  from  successive  droplets  further  downstream  from  a  perturba¬ 
tion  which  can  induce  shape  distortions.  Figure  1  shows  the  experimental 
configuration.  Shape  perturbation  at  one  location  was  initiated  with  two 
counterprop agating  Ar+  laser  beams  (514.5  nm,  8  HN  each)  impinging  on  a 
single  tagged  ethanol  droplet.  The  subsequent  shape  distortion  of  droplets 
within  the  linear  stream  can  be  described  by  a  quadrupole  mode  oscillation 
with  an  oscillation  frequency  (f  2) 2  -  2o/»2pa3  and  a  damping  constant 
t,  -  a2/5v,  where  a  is  the  surface  tension,  o  is  the  density,  and  v  is  the 
kinematic  viscosity.  Figure  2  shows  the  MDRs  in  the  fluorescence  spectra 
from  successive  droplets  downstream  of  the  shape  distorting  perturbation. 

The  MDRs  exhibited  a  damped  oscillation  with  a  frequency  f2  and  damping 
constant  t2  for  ethanol  droplets.  Our  results  compare  well  with  electro¬ 
dynamic  calculations  of  the  MDRs  for  equivolume  drop  lots  which  oscillate 
between  spheres  and  slightly  oblate  or  slightly  prolate  *>heroida. 
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Schematic  of  tha  experimental  arrangement  for  the  laser- Induced 
shape  oscillations  of  flowing  droplets.  Two  count erpropaga ting 
laser.  514.5  na)  are  focused  on  the  absorbing  dye- 


tagged  ethanol  droplet.  A  probe  beam  'pulsed  Nj  laser)  is 


focused  into  a  sheet  and  induces  fluorescence  from  the  droplet. 
The  dispersed  fluorescence  spectra  highly  aonodisperse  droplets 
in  a  linear  streaa  are  detected  by  a  television  caasra. 
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Fluorescence  spectra  fro*  laser-perturbed  droplets  downstream 
fro*  the  orifice.  Since  the  frequency  of  the  droplet  generation 
is  known,  the  distance  downstream  is  plotted  as  time  delay  after 
the  Ar+  laser  perturbation  defined  ai  t  ■  0.  Bach  droplet  is 
perturbed  by  the  Ar*  laser  beams  at  a  location  indicated  by  the 
two  arrows.  The  subsequent  freely  damped  oscillations  of  MDRs 
from  droplets  downstream  yield  a  shape  oscillation  frequency  and 
damning  constant  corresponding  to  a  quadrupole  resonance. 
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SPRAT  CHARACTERIZATION  WITH  A  NONINTR0SIVE 
OPTICAL  SINGLE  PARTICLE  COUNTER 

Cadi  F.  Hass 

Spectron  Development  Labocatorlas,  Inc* 

3303  Harbor  Boulevard,  Suita  G-3 
Costa  Mass,  CA  92626 

Tha  objective  of  this  research  program  to  advance  tha  undaratandlng 
of  drop 1st  aiding  technology  In  combustion  environments  using  light 
seattaring.  Tha  emphasis  during  this,  tha  second  pear  of  this  research 
program,  has  bean  in  aatablishing  what  information  of  the  scattered  light  is 
better  suited  to  provide  tha  slsa  and  velocity  of  droplets,  which  car  than 
yield  local  mass  flux  measurements.  Tha  studies  conducted  indicate  that  tha 
absolute  intensity  of  the  scattered  light  combined  with  the  standard  LDV  will 
produce  excellent  results.  This  technique  has  been  combined  with  auto 
calibrating  algorithms  to  compensate  for  the  loss  of  energy  experienced  when 
the  laser  beams  or  the  scattered  light  travel  through  windows  and  other 
particles  along  the  path.  This  is  the  basis  of  tha  IMAX  technique.  In  such 
technique,  two  smell  laser  beams  of  one  color  interfere  in  the  canter  of  a 
large  beam  of  another  color.  The  interference  pattern  produces  the  Doppler 
signal  and  also  identifies  the  center  of  tha  large  beam  where  the  Intensity  la 
almost  uniform. 

An  alternative  and  unique  approach,  referred  to  as  P/HAX,  is  also  under 
investigation.  Here,  instead  of  using  laser  beams  with  different  colors,  the 
P/MAX  technique  uses  beeme  with  polarisations  normal  to  each  other.  This 
allows  the  use  of  low  power  single  color  lasers. 

In  order  to  perform  mess  flux  measurements  la  addition  to  the  else  and 
velocity  distributions,  the  active  probe  volume  most  be  known.  This,  probe 
volume  is  a  function  of  particle  else  and  several  optical  parameters.  It  is 
extremely  important  to  understand  and  predict  the  probe  volume,,  since:  It  must 
be  used  to  correct  the  number  of  events  corresponding,  to  the  various  size 
classes.  These  corrected  counts  will  constitute  tha  ordinate  of  the  pdf  of 
the  else  distribution.  Figure  1  illustrates  the  probe  volume  configuration. 
Here,  two  lenses  with  focal  lengths  f}  end  f 2  image  the  probe  volume  on  a 
pinhole  of  diameter  D_.  The  variation  of  tha  probe  volume's  nondimenslonal 
coordinate  y'  with  particle  size  d'  is  shown  on  Figure  2.  The  experimental 
values  were  obtained  by  traversing  a  aonodisperse  string  of  droplets 
throughout  the  sensitive  area.  The  effect  of  the  probe  volume  on  the  slse 
distribution  is  illustrated  on  Figures  3a  and  3b.  Figure  3a  shows  the  raw 
counts  obtained  with  two  different  sise  ranges.  Figure  3b  shows  the  counts 
corrected  by  probe  volume.  It  can  be  observed  that  tha  sise  distributions 
obtained  with  the  two  slse  ranges  produce  the  same  result  only  after 
correcting  the  distributions  by  the  probe  volume.  This  test  also  demonstrates 
the  instrument's  self -consistency. 

The  Seuter  Mean  diameter  (SMD)  of  the  spray  is  plotted  on  Figure  4  as  s 
function  of  radial  position  for  two  pressures.  The  trend  shown  is  the 
expected  one,  namely,  the  SMD  is  small  at  the  center  of  the  spray  and 
increases  with  radial  position. 
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Figure  1.  Schematic  representation  of  a  dual  b« 
volume  limited  by  a  pinhole. 
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Figure  3.  PIMAX  measurements  of  a  spray  produced  by  a  Parker  Hannifin 
■odel  7  a  lap  lex  nosale  using  water  at  60  psl,  at  a  radial 
position  “  Chen,  and  axial  position  ■  50m. 
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Figure  4.  Variation  of  Sauter  Mean  disaster  with  pressure  and  radial 
position.  Axial  posit ioa  -  50m.  Nozzle:  Parker  Hannifin 
Model  7  Simplex.  Fluid:  water. 
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INTELLIGENT  LASER  DIFFRACTION  INSTRUMENTATION 
FOR  PARTICLE  SIZE  ANALYSIS 

E.  Dan  Hirleaan  and  Joseph  I.  Koo 
Arizona  State  University 
Teape,  AZ  85287 

Particle  and  droplet  size  distributions,  being  paraaeters  of 
fundaaental  iaportance,  should  be  priority  aeasureaent  objectives 
for  intelligent  sensors  in  next-genetration  propulsion  systeas. 
Unfortunately  there  are  a  number  of  probleaatic  scientific  issues 
liaiting  the  developaent  of  laser  light  scattering  particle 
sizing  instruaents  capable  of  autonoaous,  self-diagnosing 
operation  in  hostile  environaents .  Beaa  steering  due  to  theraal 
gradients,  aultiple  scattering  froa  high  nuaber  density  aerosols, 
and  contaainat ion  of  windows  and  electro-optical  coaponents  have 
been  and  will  continue  to  be  potentially  catastrophic  probleas. 
The  objective  of  this  research  effort  is  to  contribute  to  the 
scientific  knowledge  base  necessary  to  characterize  and  extend 
the  applicability  of  laser  diffraction  instruaents  under  these 
hostile  conditions.  Both  the  novel  specific  approaches  discussed 
below  and  the  eaphasis  on  concepts  relevant  to  intelligent 
instruaentation  Bake  this  project  unique. 


The  research  is  concentrated  in  three  areas:  developaent  of  rapid 
and  robust  coaputational  algorithms  for  the  laser  diffraction 
inverse  scattering  problea;  synergisa  of  electro-optical 
detection  strategies  with  the  inverse  scattering  algorithms;  and 
techniques  for  on-line  calibration  and  perforaance  evaluation 
particularly  with  respect  to  the  potential  detection  and 
correction  for  aultiple  scattering  effects.  Figure  1  shows  the 
laser  diffraction  systea  proposed  here.  The  diffraction  reference 
leg,  the  beaa  position  detector,  and  a  dynaaically  configurable 
ring  detector  array  are  novel  concepts  proposed  to  extend  the 
standard  configuration  of  laser,  beaa  expander,  transfora  lerls, 
and  fixed  geoaetry  detector.  The  modulated  reference  diffraction 
signature  is  carried  through  the  particle  field  on  the  priaary 
beaa  and  separated  after  the  detector  using  frequency-locked 
signal  processing.  Any  deviation  in  the  aeasured  reference 
scattering  pattern  froa  the  known  reference  pattern  will  directly 
indicate  pertubations  due  to  nonideal  effects  (e.g.  aultiple 
scattering)  which  will  likewise  have  contaaincted  the  particle 
field  aeasureaents .  We  envision  an  instruaent  which  continuously 
perforas  self-calibration  and  diagnostics.  Further,  the 
intelligent  sensor  would  continuously  aonitor  the  operating 
environaent  and  reconfigure  the  detector  geoaetry  and  inverse 
scattering  algoritha  to  aaintain  operation  near  an  optiaal 
configuration.  The  iaportance  of  subtle  changes  in  detection 
strategy  are  shown  in  Fig.  2  where  the  condition  nuaber  (related 
to  nuaerical  stability)  of  the  scattering  aatrix  is  plotted  for 
two  detector  configurations.  An  intelligent  instruaent  would  use 
data  such  as  Fig.  2  to  deteraine  an  optiaal  detector  geoaetry  and 


the  aaxiaua  resolution  in  the  aeasured 
justified  for  a  given  operating  environaent. 


size  distribution 
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Figure  1.  Schematic  of  intelligent  laser  diffraction  particle 
aising  systea. 
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APPLICATION  OF  ATOMIC  FLUORESCENCE  TO 
MEASUREMENT  OF  COMBUSTION  TEMPERATURES  IN  SOLID  PROPELLANTS 

Larry  P.  Goss  and  Arthur  A.  Smith 
Systems  Research  Laboratories ,  Inc. 

2800  Indian  Ripple  Road 
Dayton,  OH  45440-3696 

The  aim  of  this  program  Is  to  obtain  temperature  data  on  the  surface  of  a 
solid  rocket  propellant  which  can  be  related  to  the  kinetics  of  the  combus- 
tlon  process.  Laser-Induced-fluorescenCe  (LIF)  techniques  are  being  used  to 
measure  the  fluorescence  spectrum  and  lifetime  of  an  Impurity  Introduced  Into 
the  reacting  material.  Since  spectra  and  lifetimes  of  selected  Impurities 
(rare-earth  Ions)  have  been  shown  by  this  research  to  be  highly  temperature 
sensitive  over  the  range  of  Interest  (300-1050  K),  It  should  be  possible  to 
obtain  a  temperature  profile  of  the  reacting  surface  of  the  propellant. 

When  two  rare-earth-ion  energy  levels  are  separated  by  <  1000  cm*1,  the  upper 
level  typically  will  not  fluoresce  at  low  temperatures,  the  reason  being  that 
multi-phonon  relaxation  rates  are  extremely  high  (10®/s)  with  small  energy 
gaps  since  fewer  phonons  are  required  for  quenching.  At  low  temperatures  no 
population  build-up  occurs  In  the  upper  energy  level;  therefore,  no  fluores¬ 
cence  Is  observed.  As  temperature  Increases,  population  buildup  In  the  upper 
level  Increases  and  fluorescence  Increases  relative  to  the  lower  energy  level. 

An  example  of  this  behavior  Is  found  In  Dy+3:LaF3  (Fig.  1).  Absorbed  laser 
light  excites  Dy+3  In  a  high-energy  level  which  radlatlvely  and  nonradlatlvely 
decays  to  the  F(*Fg/2)  level.  This  level  undergoes  a  fast  thermal  equilibrium 
which  pumps  a  portlbn  of  Its  population  Into  the  nearby  G(4Iis/2)  level.  The 
fluorescence  Is  then  observed  from  both  states.  Notice  the  gradual  build-up 
of  the  G-fluorescence  line  located  at  4537  A  with  temperature.  The  G  level 
Increases  In  Intensity  approximately  200  fold  over  a  973-K  temperature  range. 

To  understand  the  effect  of  temperature  on  the  lifetimes  of  rare-earth  transi¬ 
tions,  one  must  examine  the  effect  of  temperature  on  the  radlarlve  and  non- 
radlatlve  relaxation  rates  which  govern  the  observed  lifetimes  The  radiative 
probability  Includes  both  purely  electronic  and  phonon-asslstev.  transitions; 
the  nonradlatlve  probability  Includes  relaxations  by  multi-phonon  emission  and 
effective  energy-transfer  rates  arising  from  Ion-Ion  Interactions.  The  tem¬ 
perature  dependence  of  the  lifetime  Is  solely  determined  by  t*ie  temperature 
dependence  of  the  nonradlatlve  relaxation  rate. 

Nonradlatlve  relaxation  between  J  states  can  occur  by  the  simultaneous  emis¬ 
sion  of  several  phonons  which  are  sufficient  to  conserve  the  energy  of  the 
transition.  These  multi -phonon  processes  arise  from  Interaction  of  the  rare- 
earth  Ion  with  the  fluctuating  crystalline  electric  field.  Lattice  vibrations 
are  quantized  as  phonons  having  symmetry  properties  oetermlned  by  the  symmetry 
of  the  crystal  and  excitation  energies  determined  by  the  masses  of  the  consti¬ 
tuent  Ions  and  the  binding  forces.  Examples  obtained  In  this  program  of  the 
effect  of  temperature  on  the  lifetime  of  a  transition  are  shown  In  Fig.  2. 

Phase  I  of  this  study  has  been  successfully  completed,  and  work  on  Phase  II 
has  been  Initiated.  This  phase  Includes  extensive  measurements  to  correlate 
the  surface  temperature  measured  using  high-speed  pyrometry  and  thermocouples 
with  that  measured  using  the  fluorescence  technique,  for  calibration  purposes. 
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Temperature-Induced  Spectral  Variation  of  Dy+3:LaF3.  (a)  Experimentally  Observed 
Variation  of  the  6  to  F  Fluorescence  Levels  with  Temperature,  (b)  Plot  of  Intensity 
vs.  Temperature  Taken  from  Data  In  (a).  Solid  line  represents  fit  to  data  assuming 
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REAL-TIME,  TWO-DIMENSIONAL  FUEL  SPRAY  VISUALIZATION 


Lynn  A.  Malt on 

Uni varsity  of  Tax si 

at  Dallas 

Richardson,  TX  75080 

Fual  spray  proparti as  ara  often  vary  difficult  to  aaasura  under 
realistic  conditions.  This  research  is  part  of  a  continuing 
effort  to  develop  fluorescent  additives  which  can  be  used  to 
reveal  spray  properties  such  as  simultaneous  liquid/ vapor 
concentrations,  droplet  teaparature,  and  aebient  oxygen 
pressure.  These  additives  per alt  the  use  of  laser-induced 
fluorescence  in  a  planar  sheet  to  detaraine  the  desired 
paraeeters  non— intrust val y,  in  real-tiae,  froa  a  selected  plane 
in  the  evolving  fuel  spray. 

Many  previous  studies  of  fuel  sprays  have  relied  on  the 
deteraination  of  droplet  size  and  nuabar  disti but ions  to  analyze 
the  sprays,  whereas  critical  paraeeters  such  as  vapor  density 
and  droplet  teaparature  have  been  deterained  indirectly,  or  not 
at  all.  In  contrast,  our  studies  focus  on  the  develop sent  of 
specific  fluorescent  additives  which  reveal  directly  the  desired 
property  froa  the  fluorescence  spectrua.  Previous  work  at  our 
laboratories  has  verified  the  use  of  such  additives  to  provide 
siaul taneous  visual ization  of  both  liquid  and  vapor  phases.  The 
work  described  here  is  directed  toward  the  development  of 
fluorescent  sensors  for  droplet  teaparature  measurement. 

Temperature  sensor  systems  follow  naturally  froa  the  vapor- 
liquid  visual ization  studies,  because  both  methods  exploit  the 
properties  of  organic  exciplexes  to  interrogate  properties  of 
the  spray.  Figure  1  illustrates  the  essentials  of  exciplex 
formation  and  the  subsequent  two-color  fluorescence.  Because 
the  equilibrium  between  the  monomer  and  exciplex  is  temperature 
dependent,  the  ratio  of  the  intensities  of  the  emissions  from  E* 
and  M*  in  the  liquid  phase  provide  a  measure  of  temperature  in 
the  droplet.  Thus,  laboratory  measurements  of  liquid  phasd 
fluorescence  spectra  as  a  function  of  temperature  can  provide  a 
calibration  qurve  for  the  intensity  ratio,  at  specific 
wavelengths,  versus  temperature.  This  is  shown  schematically  in 
Figure  2.  In  a  spray  experiment,  if  the  emission  from  a 
particular  spatial  element  were  measured  at  these  two  wave¬ 
lengths  then  the  ratio  would  provide  the  droplet  temperature 
from  the  calibration  curve  for  the  chosen  set  of  additives, 
provided  the  vapor  emission  has  been  subtracted  off.  At 
present,  several  promising  exciplex  systems  for  use  as  optical 
thermometers  are  under  development.  One  particular  system 
appears  especially  exciting  because  the  fluorescent  emission 
changes  from  purple  to  yellow  on  going  from  room  temperature  to 
75  degrees  C.  It  is  estimated  that  the  determination  of 
temperature  can  be  obtained  to  a  precision  of  a  few  degrees, 
provided  the  intensity  ratio  can  be  determined  to  about  1 
percent  accuracy. 


James  F.  Verdieck 
United  Technologies 
Research  Canter 
East  Hartford,  CT  06108 
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EXCIPLEX  TEMPERATURE  MEASUREMENT 


TBPERffllRE  (deg.  C) 


accomplishments 

O  Several  mcipln  lyitm  havs  boon  sxaainsd  as  optical 

thsraoaatars 

o  A  prsliainary  calibration  has  boon  psrfarasd  for  ths 
systss— naphthalans/totraaathyl-p-phsnylans  diaains 
(shown  in  ths  graph  abovs) 

o  Ths  ssasurabls  taspsraturs  rangs  can  bs  aodifisd  by 
adjusting  ths  concentration 
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SINGLE  PARTICLE  SIZING  bY  MEASUREMENT  OF  BROWNIAN  MOTION 
Alan  C.  Stanton  and  Wai  K.  Cheng* 

Aerodyne  Research,  Inc.,  45  Manning  Road,  Billerica,  Maaaachusetts  01821 

*alao.  Department  of  Mechanical  Engineering 
M.I.T,  77  Massachusetts  Avenue,  Cambridge,  Massachusetts  02139 

Pew  nonlntrusive  techniques  are  available  for  particle  measurements  in  the 
submlcroo  site  range  (<0.1  \m  diameter),  yet  measurement  of  these  particles  is 
basic  to  an  understanding  of  important  processes  in  combustion,  such  as  soot 
formation  and  oxidation.  The  objective  of  the  present  research  is  to  investi¬ 
gate  a  new  optical  technique  for  the  measurement  of  submicron  particles,  using 
a  laser  Interferometric  system  to  measure  the  Brownian  motion  of  isolated 
particles  in  a  gas  stream.  By  measurement  of  the  motion  of  many  such  par¬ 
ticles,  the  size  distribution  may  be  obtained.  This  technique  is  unique  in 
that  it  requires  no  a  priori  assumption  on  the  particle  size  distribution,  nor 
knowledge  of  the  particle  optical  properties. 

The  experimental  approach  utilizes  a  laser  interferometer  system  for 
measurement  of  a  time-dependent  signal  sensitive  to  particle  displacement. 

While  the  system  la  optically  similar  to  the  familiar  Laser  Doppler  Velocl* 
meter.  Important  differences  in  its  implementation  form  the  basis  of  the 
present  approach.  To  understand  this  approach,  an  appreciation  of  the  ehacter- 
latic  aspects  of  the  Brownian  notion  of  an  isolated  particle  is  required. 

A  representation  of  the  motion  of  a  0.1  \m  particle  is  shown  in  Figure  1. 
Random  changes  in  particle  velocity,  of  order  10“ 5  n  s”1,  occur  in  characteris¬ 
tic  times  of  10-  *  seconds  due  to  collisions  with  gas  molecules.  With  suffi¬ 
cient  time  resolution  to  measure  Instantaneous  particle  velocities,  one  would 
observe  a  Maxwellian  velocity  distribution.  The  characteristic  time  for  the 
Maxwellian  distribution  to  evolve  is  the  relaxation  time  (*10~7  s  as  shown  in 
Figure  1),  which  is  a  function  of  particle  size  and  fluid  properties.  Because 
realisable  sampling  Intervals  are  constrained  to  be  much  longer  than  the  10” 111 
s  collision  time,  our  strategy  Is  Co  sample  with  an  Interval  of  -10” 8  «, 
which  is  still  fast  compared  to  the  relaxation  time.  Over  this  interval,  the 
signal  is  a  superposition  of  many  random  events,  but  its  time  dependence  should 
exhibit  statistical  properties  representative  of  the  Brownian  motion  of  a  par¬ 
ticle  of  a  given  size.  The  research  effort  this  year  is  directed  at  demon¬ 
strating  such  correlations  between  signal  statistics  and  particle  size. 

To  understand  the  properties  of  the  signal,  we  have  simulated  the  Brownian 
motion  sensor  using  a  Monte  Carlo  technique.  From  analysis  of  simulated  data, 
we  have  found  the  correlation  shown  in  Figure  2.  This  plot  shows  a  relation¬ 
ship  between  the  mean  tins  between  signal  extrema  (derivative  zero  crossings) 
and  a  parameter,  with  dimensions  of  time,  which  is  the  square  root  of  the 
product  of  the  sampling  interval  and  the  particle  relaxation  time.  The 
linearity  of  this  plot  shows  that  for  fixed  sampling  intervala,  the  statistical 
property  (the  mean  time  between  extrema)  Is  proportional  to  the  square  root  of 
the  particle  relaxation  time.  Thus,  the  relaxation  time  for  Brownian  motion  of 
an  individual  particle  may  be  determined  from  the  statistics  of  the  inter¬ 
ference  signal,  and  the  pert  ids  size  follows  directly. 
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APPENDIX  1 


PROPULSION  RESEARCH  60ALS 


GENERAL  GOALS:  Research  In  support  of  rocket  propulsion  Is  directed  at 
providing  a  fundamental  basis  for  a  new  generation  of  propulsion  concepts  and 
Improving  the  scientific  understanding  of  phenomena  associated  with  the 
generation  of  propulsive  power.  Research  Is  needed  from  molecular  to 
macroscopic  scales  In  areas  which  Include  plasma  acceleration,  dynamics  of 
rocket  combustion,  the  behavior  and  synthesis  of  advanced  energetic  materials, 
characteristics  of  exhaust  plume  formation  and  radiation,  and  the  dyr.am1cs  of 
advanced  propulsion  concepts.  Further  knowledge  Is  needed  In  these  areas  to 
meet  mid-term  and  long-term  Air  Force  technology  goals  related  to  Improving 
performance,  reliability,  penetrability,  and  durability  for  Air  Force  mission 
applications  Involving  space  systems,  ballistic  missiles,  and  air  launched 
missiles.  However,  specific  provisions  are  jlso  Included  for  research 
directed  toward  scientific  opportunities  which  cannot  be  related  to  particular 
mission  areas  at  this  time. 

Future  Air  Force  space  missions  for  communications,  surveillance,  and  weapons 
systems  will  require  substantially  higher  power  density  and  greatly  Improved 
propulsion  for  orbit  raising.  Research  Is  expected  to  lead  to  Improvements  of 
20X  In  propulsion  efficiency  with  Improved  liquid  and  solid  propellants  and 
100  to  400%  with  non-conventlonal  systems  such  as  electromagnetic  plasma 
acceleration  and  energy  beaming,  magnetoplasmadynamlcs  and  nuclear  power. 


SPECIFIC  GOALS: 

The  following  topics  summarize  many  of  the  current  goals  which  are  being 
addressed  by  the  ongoing  research  programs. 

Solid  Propellant  Mechanics  To  Improve  understanding  of  damage  tolerant  design 
for  new  materials.  To  Investigate  fatigue,  damage  propagation  and  detection, 
fracture,  and  effects  of  spectrum  loading  and  sequencing.  To  extend  the 
existing  theories  to  three  dimensions.  Including  the  Interactions  between 
viscoelastic  behavior  and  daman.,  the  micromechanics  of  propellant  structure, 
and  effects  of  temperature  to  obtain  a  approaches  that  can  predict  propellant 
stress-strain  behavior  from  relatively  simple  tests.  To  establish  an  age-life 
model  based  on  chemical  reactions.  To  establish  the  relationship  between 
carbon/carbon  material  processing  variables  and  the  kinetics  of  reaction  of 
these  materials  with  gases  representative  of  rocket  exhausts. 

Nonlnterferlng  Diagnostic  Techniques  To  achieve  sensors  which  will  enable  the 
adaptive  control  and  autonomous  operation  of  high  performance  propulsion 
systems.  To  achieve  diagnostic  techniques  for  measuring  the  gas  and 
gas-particle  flow  properties  representative  of  rocket  systems  Including 
plumes.  To  devise  diagnostic  techniques  to  obtain  rapid  and  quantitative 
spatially  and  temporally  resolved  measurements  of  temperature,  pressure, 
velocity,  species  concentrations  and  densities,  and  particle/droplet  size  and 
distribution  In  optically  dense,  high-temperature  reacting,  unsteady, 
turbulent  flowing  media.  To  establish  techniques  for  obtaining  rate  date  for 
energetic  material  being  heated  In  excess  of  105  K/s. 
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Exhaust  Plumes  To  provide  mechanistic  basis  for  analyzing.  Interpreting,  and 
altering  plume  radiance.  Establish  the  Influence  of  composition  and  flow  en¬ 
vironment  on  particle  formation  and  growth  mechanisms.  To  verify  and  Improve 
predictive  models  for  nucleatlon  and  condensation  In  multi -component,  multi¬ 
phase  systems.  To  determine  reaction  pathways  and  to  obtain  chemical  rate 
data  for  combustion  chamber,  nozzle,  and  exhaust  plume  flows.  To  Improve  and 
devise  diagnostic  methodology  for  determining  the  spatial  and  temporal  distri¬ 
bution  of  Important  species  so  that  rate  processes  can  be  measured.  To  deter¬ 
mine  the  mechanism  of  exhaust  plume  Igntlon  In  the  presence  of  flame  sup¬ 
pression  additives. 

Solid  Propellants  and  Energetic  Materials  To  control  the  behavior  of 
energetic  materials  during  combustion.  To  establish  relationships  between 
molecular  structure,  decomposition  and  combustion  processes.  To  synthesize 
energetic  Ingredients  leading  to  tough,  high  energy  propellants  with 
deslreable  properties  which  Include  low  glass-transition  temperatures,  high 
thermochemlcal  stability  temperatures,  high  solid  loadings,  and  ' 
smokelessness.  To  Improve  techniques  to  determine  polymer  properties. 

Combustion  and  Reacting  flows  To  understand  Important  bond  rupture  and  heat 
release  mechanisms  so  that  research  to  modify  burning  rate  and  combustion 
efficiency  can  be  directed  at  specific  reaction  sites.  To  explore  methods  for 
obtaining  the  key  reaction  parameters  for  energetic  materials  being  heated  at 
rates  In  excess  of  10*K/s.  To  determine  the  effects  of  acceleration-fields 
on  propellant  ballistics.  To  characterize  the  mechanisms  leading  to  changes 
In  solid  propellant  properties  and  burning  modes  that  produce  transition  from 
normal  deflagration  to  detonation  of  rocket  motor  grains.  To  Increase  the 
scope  and  usefulness  of  the  JANAF  Thermochemlcal  Property  Data.  . 

Combustion  Instability  To  Improve  analytical  methods  for  Interpreting, 
predicting,  and  avoiding  Instability  behavior  of  solid  motors  through 
mechanistic  understanding  of  contributions  such  as  nozzle  damping,  acoustic 
eroslvlty,  pressure  coupling,  vortex  streaming,  vortex  sheading,  distributed 
combustion,  particle  and  structural  damping,  and  high  velocity  effects.  To 
acount  for  the  more  significant  effects  of  2-D  and  3-D  geometries.  To  defeat 
combustion  Instablltly  by  purposely  dissipating  acoustic  energy  In  prescribed 
modes.  To  examine  more  direct  means  of  measuring  acoustic  admittance.  To 
conduct  verification  of  new  combustion  response  measurement  techniques.  To 
Investigate  methodologies  for  measuring  the  unsteady  velocity,  pressure,  and 
temperature  components  In.  mul.tl-dlmenslonal  unsteady  reacting  flows.  To 
visualize  nonsteady,  multi -phase  flow  and  condensed-phase  breakup  for  the 
purpose  of  understanding  the  role  of  transient  processes  on  acoustic  energy 
gains  or  losses.  To  determine  and  characterize  acoustic  energy  gains  and 
losses  In  terms  of  flow  field  parameters.  To  understand  contributions  of 
heterogeneous  structures  In  composite  propellants. 


*  Metal  Combustion  To  characterize  the  basic  mechanisms  and  chemistry  Involved 

£  In  the  formation  of  metal  oxide  particulates.  To  experimentally  determine 

physical  and  chemical  processes  leading  to  the  acceleration  of  metal  droplet 
>  Ignition  and  combustion.  To  explore  methods  of  greatly  reducing  the  size  of 

metal  oxide  agglomerates  entering  nozzle  convergent  sections.  To  Improve 
r*  methods  for  simultaneously  measuring  temperature  and  concentration  of 
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turbulent  flue  zones  of  multi-phase  Media  so  that  conditions  leading  to  Met«1 
com-  bust Ion  under  solid  propellant  raM-rocket  conditions  (particularly  high 
altl-  tude)  can  be  characterized.  To  assess  the  role  of  fluorine  In  the 
coMbustlou  of  fluorlnated  Metallic  propellants  and  to  deterMlne  Meehan Isms 
that  affect  oxide  particle  size. 

leaned  Energy  To  quantify  Mechanises  of  laser  energy  transfer  to  working 
fluids,  to  assess  the  barriers  to  optical  access  for  energy  transMlsslon,  and 
to  establish  approaches  to  plasMS  confinement.  To  enable  consideration  of 
candidate  short  wavelength  energy  beams  with  hydrogen;  to  deterMlne  If  other 
working  fluids  and  fuels  offer  promise. 

Solar  Thermal  Propulsion  Establish  the  mechanisms  of  solar  radiation  energy 
absorption  under  the  desired  thruster  conditions. 

Electromagnetic  Acceleration  To  understand  MagnetoplasmadynaMlc  processes  for 
the  purposes  of  establishing  the  conditions  of  sustained  high  energy  density 
operation  and  to  project  upper  llMlts  of  power  density.  To  establish  the 
mechanism  leading  to  extended  electrode  life.  To  extend  operational  time  of 
electrode  and  contact  surfaces.  To  produce  stable  magnetoplasmadynamlc  flows 
for  sustained  high  energy  density  operation.  To  produce  conditions  that 
vaporize  and  disperse  metallic  fuels  being  considered  for  use  In  low  Earth 
orbits.  To  overcome  cooling  limitations  on  electrical  propulsion  systems 
operating  continuously  at  megawatts  power  levels.  To  realize  more  weight 
efficient  and  less  vulnerable  heat  rejection  concepts  for  electrodes, 
chambers,  and  nozzles. 


Ultra-High  Energy  Density  To  decrease  the  losses  In  thermionic  flows.  To 
explore  noval  approaches  to  high  energy  density  storage.  To  devise  means  of 
accommodating  plasma  temperatures  greatly  In  excess  of  material  limits. 
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